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1 Introduction 

 

Tumors of the central nervous system represent approximately 2-3 % of all cancers diagnosed 

in the Western world and therefore belong to the more rarely occurring tumors (Westphal et 

al. 2003). The prevalence has been estimated to 69 patients/ 100 000 population and the 

incidence is around 15 new cases/ 100 000 inhabitants per year (Ohgaki et al. 2005). The 

percentage of brain tumors among all cancers is higher in children than in adults. Here, they 

represent the second most commonly diagnosed neoplasms after the group of leukemias 

(Bondy et al. 2008). 

 

1.1 Overview and epidemiology of glioblastomas 

Gliomas are the most common primary tumors of the central nervous system (around 50 %) 

and they comprise a heterogeneous group of neoplasms composed of neoplastically 

transformed glial cells (Louis et al. 2007).  

Gliomas are histologically classified according to the WHO (World Health Organisation) 

classification of tumors of the central nervous system in its latest edition from 2007 (first 

edition: 1956 and 1957). The WHO classification separates primary brain tumors into 

different histological subtypes and assigns a specific WHO malignancy grade to each tumor, 

ranging from WHO grade I (benign) to WHO grade IV (highly malignant). However, genetic 

alterations become more and more important with respect to brain tumor classification into 

prognostically distinct subgroups (Riemenschneider et al. 2010). 

Tumor classification and grading helps in finding suitable therapeutic strategies and constitute 

an important predictor of prognosis. Individual tumor types "prefer" a certain age: while 

pilocytic astrocytomas mainly occur in childhood and young age (< 20 years), diffuse and 

anaplastic astrocytomas and oligodenroglial tumors of the cerebral hemispheres are mostly 

found in middle aged patients (30 - 50 years), while glioblastomas are most common in 

patients older 50 years of age (Kleihues et al. 2003). 

 

Glioblastomas (WHO grade IV) represent the most common and - at the same time - the most 

malignant primary brain tumors. These tumors represent 15-20 % of all intracranial tumors 
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and almost 50 % of all glial tumors (Kleihues et al. 2003). Glioblastomas or other diffusely 

infiltrative gliomas are growing very fast and infiltrate healthy surrounding brain parenchyma, 

which is a major reason why they cannot be completely removed by surgical resection. 

Despite many new multimodal therapy concepts (resection with subsequent radio- and 

chemotherapy) and intensive basic research efforts, the prognosis of glioblastoma is still 

unfavorable. The course of disease is usually rapidly progressive and the mean overall-

survival (with a few exceptions with longer survival) is only about 12-15 months after 

diagnosis (Ohgaki and Kleihues 2007).  

Glioblastomas can divided into two groups depending on their clinical history. Primary 

glioblastomas arise de novo (95 %) with no proof of less malignant precursor lesion whereas 

secondary glioblastomas originate through progression from pre-existing low-grade or 

anaplastic astrocytomas (5 %, Ohgaki et al. 2005).  

 

These facts and the poor prognosis of glioblastoma patients clearly indicate that more research 

is needed to better understand their pathogenesis and to develop new and individualized 

therapeutic strategies. 

 

1.1.1 Age and gender distribution 

Glioblastomas preferentially affect adults with a peak incidence between 45 – 70 years, but 

may manifest at any age. Males are slightly more often affected than females (male: female 

1.35:1; Kleihues et al. 2003). 

 

1.1.2 Localization 

Glioblastomas mostly develop in the cerebral hemispheres. Tumor invasion often spreads into 

the contralateral hemisphere and can also affect the basal ganglia. Children are more 

frequently diagnosed with glioblastomas of the brainstem (8.8 % of total glioblastoma 

patients, 3.3 % brainstem localization; Schiffer et al. 1976). 
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1.1.3 Etiology 

The etiology of glioblastoma mostly remains unknown. Less than 1 % of all glioblastomas are 

associated with a genetic syndrome caused by inherited rare mutations (e.g. Turcot syndrome 

or Li-Fraumeni syndrome; Farrell et al. 2007). Whether the use of mobile phones could 

increase the risk for the development of glioblastomas is controversial (Lönn et al. 2005, 

Lahkola et al. 2007). 

 

1.1.4 Symptoms 

The clinical symptoms of glioblastoma patients depend on the area of the central nervous 

system that is affected by tumor growth. Glioblastomas of the cerebral hemispheres often 

cause non-specific neurological symptoms i.e. nausea, vomiting and headaches, or seizures 

and cranial nerve disorders as a result of a rapid development of increased intracranial 

pressure (increasing cerebral oedema). A glioblastoma located next to the optic nerve can 

cause visual loss. Other symptoms e.g. personality changes (due to location in the 

frontotemporal hemispheres) or spastic paresis, pain or extremities numbness (increased 

compression) are other possible symptoms (Kleihues et al. 2003). 

Rare case reports indicate glioblastoma dissemination via the blood or the cerebrospinal fluid, 

with metastases being preferentially located in regional lymph nodes, pleura and lung, liver 

and bone (Frappaz et al. 1999; Pasquier et al. 1980). In general, however, metastasis 

formation is highly uncommon. 

 

1.1.5 Diagnosis and therapy 

Patients presenting with newly developed neurological symptoms are nowadays usually 

subjected to neuroimaging. On MRI, glioblastomas mostly present as intraaxial space-

occupying lesions, often as a marginally contrast-enhancement ring structure that corresponds 

to the highly vascularized peripheral area of the tumor, and a central hypointense area 

corresponding to necrotic tumor parts.  This ring structure does not denote the outer neoplasm 

borders, which could be proven in biopsy analyses and autoptic brain sections. Glioblastoma 

cells normally infiltrate diffusely in the surrounding non-neoplastic brain tissue up to 2 cm or 

more. T2-weighted MRI images are of limited value for measuring the tumor extension, 
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because the ‘tumor zone’ often overlaps with surrounding oedema (Dean et al. 1990, Kieffer 

et al. 1982). On CT scans with contrast medium, glioblastomas typically present as irregularly 

formed lesions with peripheral ring enhancement surrounding a hypodense central area of 

necrosis (Latchaw et al. 1991). Glucose consumption in positron emission tomography (PET) 

scans correlate with the tumor’s cellularity and proliferative activity (Alexiou et al. 2007). 

The gold standard to assure diagnosis and accurately identify the respective histological 

glioma subtype is the operative biopsy with subsequent work-up of the tissue specimens by an 

experienced neuropathologist. 

When planning a therapy, in case of glioblastoma, it is important to know that all therapy 

strategies are not curative interventions, they are only life-prolonging. Depending on the 

tumor location and the patient's preoperative Karnofsky score, surgical interventions usually 

aim at a maximal surgical resection of the tumor without destroying any functional normal 

tissue. This results in a longer survival and improves the quality of life (Lacroix et al. 2001). 

Following the operation, the patients receive a combined radio- and chemotherapy. The 

chemotherapeutic drug of choice is temozolomide. The first published study by Friedman et 

al. (1998) showed a response rate exceeding 50 % in newly diagnosed glioblastoma patients. 

Various studies have shown so far that adjuvant application of temozolomide and 

radiotherapy (Stupp et al. 2005) in combination with a hypermethylated MGMT gene 

promoter (Hegi et al. 2005) is beneficial for a longer survival. New therapeutic strategies 

involve e.g. angiogenesis inhibitors like bevacizumab (Avastin), but this approach has not yet 

proven beneficial enough in clinical trials to gain full approval for the treatment of 

glioblastoma patients within the European Union outside of clinical or experimental trials 

(Shirai et al. 2011). 

 

1.1.6 Morphology of glioblastomas 

1.1.6.1  Macroscopy  

Glioblastomas (WHO grade IV) are not clearly circumscribed and present as a mass lesions 

involving a focal area (mostly unilateral, those in the brainstem can be bilateral). The tumors 

often occupy much of a lobe or may extend to the corpus callosum or even to the contralateral 
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hemisphere. The cut surface shows multiforme colours with the tumor mass (greyish), recent 

and remote haemorrhage (red to brown) and yellowish necrosis. This central necrosis can 

occupy nearly 90 % of the total neoplasm mass. The majority of glioblastomas are clearly 

located intraparenchymal with a focus in the white matter, but a contact with the 

leptomeninges and dura is possible mainly when being located superficially (Cotran et al. 

2004). 

 

1.1.6.2  Microscopy  

To plan the clinical strategy - choice of therapies, potential adjuvant radiation or 

chemotherapy - the histological tumor classification, including grading predicting the 

biological behavior of a neoplasm, is of major importance.  

Therefore, the World Health Organization (WHO) published a histological classification 

system of tumors of the central nervous system (latest edition 2007) that is nowadays used 

worldwide. Central nervous system tumors are divided in 4 WHO grades (Louis et al. 2007, 

see Table 1): WHO grade I, e.g. the pilocytic astrocytoma being the most common glioma in 

early childhood, denotes tumors that only show a low proliferative rate and the feasibility of 

being cured only by radical and maximal surgical resection, as they grow circumscribed. 

WHO grade II tumors are characterized by low proliferative activity but infiltrate healthy 

surrounding brain parenchyma. Some of these tumors transform to higher grade tumors, e.g. 

anaplastic astrocytomas or glioblastoma. 

WHO grade III neoplasms are characterized by microscopic features of malignancy, e.g. 

nuclear and cellular atypia (chromatin-rich, polymorphic, disproportion of nuclear-cytoplasm 

ratio) and an increased mitotic activity, the latter also being indicated by an elevated 

immunohistochemical proliferation index determined with the proliferation marker ‘Ki-67’ 

(clone Mib1). 

Glioblastomas belong to the group of WHO grade IV tumors with high mitotic and 

proliferative activity. These tumors show a high cellularity as well as often marked cellular 

and nuclear pleomorphism. In addition, tumor necroses and pathologic blood vessels are 

located within the tumor mass. Glioblastomas diffusely infiltrate the surrounding (‘healthy’) 

brain tissue. 
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Table 1: WHO classification of tumors of the central nervous system. Classification and 
grading of the main glioma entities and subtypes (with modifications according to 
Riemenschneider et al. 2009 and Louis et al. 2007). It should be noted that some less common 
entities are included in the WHO classification (e.g. pilomyxoid astrocytoma, chordoid 
glioma, astroblastoma), but these rare generally entities and variants are not part of this 
dissertation and are therefore not mentioned here. 
 
 

Tumor type WHO grade 

Diffusely infiltrating astrocytic gliomas  

Diffuse astrocytoma II 

Anaplastic astrocytoma III 

Glioblastoma IV 

Astrocytic gliomas with more circumscribed growth  

Pilocytic astrocytoma I 

Pleomorphic xanthoastrocytoma II 

Subendymal giant cellastrocytoma I 

Oligodendrogliomas and mixed gliomas  

Oligodendroglioma II 

Anaplastic oligodendroglioma III 

Oligoastrocytoma II 

Anaplastic oligoastrocytoma III 

Gliomas with ependymal differentiation  

Subependymoma I 

Myxopapillary ependymoma I 

Ependymoma II 

Anaplastic ependymoma III 
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1.1.7 Molecular pathology of gliomas 

1.1.7.1  Common molecular genetic alterations and cytogenetic changes in different glioma 

subtypes 

Because this dissertation particularly deals with primary and secondary glioblastomas 

belonging to the diffusely infiltrating astrocytic glioma group (see Table 1), the following 

paragraphs only discuss molecular genetic alterations and cytogenetic changes that are 

characterictics for this glioma group. 

 

1.1.7.2  Diffuse astrocytoma (WHO grade II) 

Trisomy 7 or a gain of 7q is the most well-known genetic alteration in this glioma subgroup 

(Nishizaki et al. 1998 and Schröck et al. 1996). Other frequent chromosomal aberrations are 

mainly losses of 19q (~50 %) and loss of 10p (Reifenberger et al. 2004).  

The TP53 tumor suppressor gene (located on 17q13.1) is mutated in around 60 % of the 

diffuse astrocytomas. TP53 mutation is typically associated with a loss of heterozygosity 

(LOH) on 17q resulting in a complete loss of this tumor suppressor gene. Furthermore about 

70 % of diffuse astrocytomas show mutations of codon 132 of the IDH1 (isocitrate 

dehydrogenase 1) gene (Balss et al. 2008) that even appears to be an alteration arising earlier 

and more common than TP53 mutations. 

Moreover, the p14ARF gene (located on 9p21) is frequently methylated and transcriptionally 

downregulated in these tumors. Its gene product activates MDM2 (murine double minute)-

mediated p53 protein degradation (Watanabe et al. 2007). Additional epigenetically silenced 

genes include the EMP3 (epithelial membrane protein 3) gene (located on 19q13.3; Kunitz et 

al. 2007) that is involved in proliferation and cell-cell interactions, the MGMT (O6-

methylguanine-DNA methyltransferase) gene (located on 10q26) that encodes for a DNA 

repair protein removing alkyl groups from the O6 position of guanine (Watanabe et al. 2007) 

and PCDH-gamma-A11 (protocadherin-gamma subfamily 11; Waha et al. 2005) located on 

5q31. The latter gene encodes a protein normally mediating the synaptic complexness in the 

developing brain (Noonan et al. 2004). Another frequent alteration is the overexpression of 

PDGFRA (platelet-derived growth factor receptor alpha) (Fleming et al. 1992) encoding for a 
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cell surface tyrosine kinase receptor for different members of the platelet-derived growth 

factor family. 

 

1.1.7.3  Anaplastic astrocytoma (WHO grade III) 

This glioma subgroup often presents with chromosome 7 gains (Schröck et al. 1996), a loss 

on chromosome 19q and shows, similar to the group of diffuse astrocytomas, frequent TP53 

and IDH1 mutations. About 25 % of anaplastic astrocytomas exhibit mutations in the tumor 

suppressor gene Rb1 (retinoblastoma 1; Ichimura et al. 1996). In contrast to glioblastomas, 

anaplastic astrocytomas do not often show frequent mutations of the PTEN (phosphatase and 

tensin homolog) tumor suppressor gene or allelic losses on 10q. However, alterations of 

CDKN2A and CDKN2B tumor suppressor genes, whose  gene products (cyclin-dependent 

kinase inhibitor 2A/B) negatively regulate the cell cycle G1/S-phase transition, are found in a 

subset of anaplastic astrocytomas (Ichimura et al. 2000). 

 

1.1.7.4  Glioblastoma (WHO grade IV) 

Increased insight into the pathogenesis of glioblastomas revealed that within histologically 

identical glioblastomas two different molecular defined entities exist (Kleihues and Ohgaki et 

al. 2007). While primary glioblastomas arise de novo, secondary glioblastomas develop by 

progression from a preexisting low-grade diffuse or anaplastic astrocytoma. The latter 

glioblastomas develop over many months or years and typically affect younger adults (30-45 

years). Primary glioblastomas mostly occur in older people (mean, 55 years) and have a 

shorter clinical history. These tumors do not present with any clinical history of a preexisting 

precursor lesion. They account for the vast majority of glioblastomas (Kleihues et al. 1999). 

This differentiation is important, because primary and secondary glioblastomas are distinct in 

their pattern of molecular genetic changes (see Figure 1). 

In general, primary and secondary glioblastomas carry multiple epigenetic aberrations. The 

main difference between primary and secondary glioblastomas is that more than 65 % of all 

secondary glioblastomas present mutations within the TP53 tumor suppressor gene whereas 

only 30 % of all primary glioblastomas show this genetic alteration (Kleihues et al. 2007; 

Ichimura et al. 1996).    
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Primary glioblastomas, however, present with high frequency of EGFR amplifications. Nearly 

40 % of all patients diagnosed with primary glioblastomas show this amplification. 

Approximately 50 % of these tumors exhibit receptor-activating mutations in the receptors´ 

extracellular ligand binding domain resulting in a constitutively activated receptor also in 

absence of ligand binding (EGFR vIII mutant) (Wong et al. 1987, 1992). In addition, primary 

glioblastomas are characterized by frequent PTEN mutations and exhibit MDM2 or MDM4 

amplification. Secondary glioblastomas rarely present these alterations. 

In contrast, secondary glioblastoma that develop from lower-grade precursor lesions 

frequently show TP53 and IDH1 mutations (> 66 %; Parsons et al. 2008 and Ohgaki et al. 

2007). Furthermore, secondary glioblastomas more commonly exhibit an overexpression of 

PDGFRA and a hypermethylation of Rb1 than primary glioblastomas do (Ohgaki et al. 2007; 

Nakamura et al. 2001). MGMT and EMP3 gene silencing has been published as being more 

frequent in secondary than in primary glioblastomas, whereas the NDRG2 (N-myc 

downstream regulator 2) gene is more commonly silenced in primary glioblastomas (Ohgaki 

et al. 2007; Tepel et al. 2008).  

 

In conclusion, primary and secondary glioblastomas represent genetically distinct entities, but 

share similar histological features and an overall poor prognosis. This may be explainable by 

the fact that these alterations affect identical signaling pathways, namely the p53, MAPK, 

PTEN/PI3K/AKT, and Rb1 pathways, and thereby lead to identical functional consequences 

(Reifenberger et al. 2004; Riemenschneider et al. 2005, 2006). 
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Figure 1: Schematic overview of the molecular changes leading to primary or secondary 
glioblastomas (adapted from Riemenschneider et al. 2009). Note that genetic alterations are 
distinct between secondary glioblastoma and primary (de novo) glioblastoma (see text for 
more details). 
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1.2 SOCS3 gene and protein 

1.2.1 SOCS3 gene and protein – location and structure 

The SOCS3 (suppressor of cytokine signaling) gene is located on chromosome band 17q25. It 

consists of 2 exons and 1 intron (Figure 2), which include the entire 3300 basepair coding 

region. SOCS3 gene expression is induced by different cytokines (IL6, IL10, IFN-gamma) 

and acts as a negative regulator of cytokine signalling within the JAK/ STAT pathway. 

 

 
Figure 2: SOCS3 is located on chromosome band 17q25. SOCS3 genomic location and the 
associated CpG island (highlighted green) on chromosome 17q25 (UCSC Genome Browser, 
February 2009 Assembly). SOCS3 consists of 2 exons and 1 intron and contains a 3300 
basepair coding region. 
 

SOCS3 protein belongs to a family of eight structural related proteins: SOCS 1 to 7 and CIS 

(Cytokine inducible SH2-containing protein) (Cooney et al. 2002; Krebs et al. 2000). Each of 

them contains a central Src-homology (SH2) domain and a specific "SOCS box" at their C-

terminal end (Figure 3). The SH2 domain, by which SOCS3 binds to target proteins, 

functions as a regulatory unit of intracellular signaling pathways by interacting with high 

affinity to phosphotyrosine-containing target peptides. This affinity is sequence-specific and 

of an exact phosphorylation-dependent manner. The SOCS box takes part in forming E3 

ligase complexes that target proteins for their proteasomal destruction (Piessevaux et al. 

2008). 

In addition, SOCS 1 and 3 own a “KIR (kinase inhibitor region)” domain at their N-terminal 

end that acts as a pseudosubstrate of JAK, thus inhibiting kinase activity (Hansen et al. 1999; 

Nicholson et al. 1999). The SOCS3 protein is located cytoplasmically. 
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Figure 3: Schematic representation of the structure of SOCS proteins. SOCS3 belongs to 
a family of eight structural related proteins. These proteins are characterized by the presence 
of an SH2 central domain and a C-terminal SOCS box. In addition SOCS1 and 3 own a kinase 
inhibitory region (KIR) at their N-terminal end region. These SOCS proteins interact with 
phosphotyrosine-phosphorylated proteins by using their central SH2 domain and with E3 
ligase complexes/ Elongin BC through the SOCS box (Kamura et al. 1998; with modifications 
by Elliott et al. 2004). 
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1.3 JAK/STAT signaling pathway and SOCS3 protein 

1.3.1 JAK/STAT signaling pathway 

The JAK/STAT signaling pathway conducts information from the extracellular compartment 

through the cell membrane into the cell nucleus. There, it activates specific target gene 

promoters on the DNA resulting in DNA transcription. The JAK/STAT pathway system 

comprises three components: an intramembranous receptor, JAK (Janus kinase) and STAT 

(Signal transducer and activator of transcription). JAK/STAT signaling is induced by a wide 

variety of cytokines and different growth factors (e.g. EGF protein) leading to diverse cellular 

functions including growth, cell-proliferation, immunological response and hematopoiesis 

(Aaronson et al. 2003; O’Shea et al. 2004; Imada 2000; Quesnelle et al. 2007). In various 

human neoplasms immune derangement and an abnormal constitutive activation of the 

JAK/STAT pathway has been observed. STAT3, for instance, is permanently activated in 

several hematologic tumors (Darnell 2005). Inhibitors of JAK-STAT pathways are currently 

being more and more investigated in the area of oncology and immunology. 

 

1.3.2 SOCS3 protein - function within the JAK/STAT signaling pathway 

The SOCS3 gene product has a lot of different functions, e.g. it is essentially involved in the 

negative regulation of fetal liver erythropoiesis and hematopoiesis (Marine et al. 1999b) or 

obesity genesis (Reed et al. 2010). In addition, the SOCS3 protein acts as a regulator 

controlling for an exorbitant JAK/STAT pathway activation in immunological processes 

(Figure 4; Cooney et al. 2002) and therefore avoids excessive immunity reaction.  

The most interesting function of SOCS3 for physiological processes as well as for tumor 

development and progression is its influence on the JAK/STAT pathway that is stimulated by 

a wide variety of cytokines. In general, SOCS3 mRNA and also SOCS3 protein levels are low 

in unstimulated cells. After being stimulated by a wide variety of cytokines, SOCS3 

expression is rapidly induced. Cytokine-mediated activation of the JAK/STAT signaling 

transduction pathway leads to a transcriptional increase of several genes, including SOCS3 

that in turn acts as part of a negative feedback loop by inhibiting JAK activity through a 

mechanism involving receptor association. In detail (see Figure 4): Cytokines bind 

extracellularly to a receptor complex, which results in an auto-tyrosine phosphorylation of the 
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intracellularly located receptor-associated Janus kinase (JAK), the cytoplasmic fraction of the 

cytokine receptor, and STAT. These phosphorylated STATs form an activated dimer and are 

then translocated to the cell nucleus where they bind to specific DNA sequences and 

transcription factors to influence target gene transcription. One of these targets is the SOCS3 

gene. The resulting overexpression of SOCS3 protein leads to an inhibition of the JAK/STAT 

pathway and thereby cytokine signaling. Thus, SOCS3 serves as a crucial regulator 

controlling for an excessive activation of cytokine-related JAK/STAT signaling (Krebs et al. 

2000). 

In many human cancers, the JAK/STAT signaling pathway is known to promote oncogenic 

properties of the cancer cells (Imada et al. 2000; Yu et al. 2009) and SOCS3 - as a negative 

regulator of this signaling pathway - has been suggested to function as a tumor suppressor 

(Baltayiannis et al. 2008). As such, inhibition of SOCS3 enhances tumor development, 

progression or growth in multiple human cancers, including lung and liver carcinomas 

(Baltayiannis et al. 2008), melanoma (Komyod et al. 2007), breast cancer (Ying et al. 2010; 

Sasi et al. 2010) and prostate cancer (Puhr et al. 2009), as well as squamous cell carcinoma 

(Weber et al. 2005). Inactivation of SOCS3 in cancer cells is commonly caused by promoter 

hypermethylation (Weber et al. 2005; Fourouclas et al. 2008; He et al. 2003; Sutherland et al. 

2004; Tokita et al. 2007). In human glioblastomas, SOCS3 promoter hypermethylation has 

been described to correlate with an unfavorable clinical outcome in a series of 46 

glioblastoma patients (Martini et al. 2008). 

 



 
 
 1 Introduction 

 
15 

 
 
 
 
 

 
 
 
Figure 4: Physiological function of the suppressor of cytokine signaling 3 (SOCS3) 
protein as an inhibitor of the JAK/STAT pathway. Cytokines bind to the extracellular part 
of a transmembrane receptor complex, which results in tyrosine phosphorylation of the 
intracellularly located receptor-associated Janus kinase (JAK), the cytoplasmic fraction of the 
cytokine receptor and STAT. Phosphorylated STATs form an activated dimer and are then 
translocated to the cell nucleus where they bind to specific DNA sequences and transcription 
factors to influence target gene transcription. One of these targets is SOCS3. The resulting 
overexpression of SOCS3 protein leads to an inhibition of the JAK/STAT pathway and 
cytokine signaling. Thus, SOCS3 is part of a negative feedback loop that prevents excessive 
JAK/STAT pathway activation (modified from Cooney 2002). 
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1.4 Research aims of this doctoral thesis 

The project was built on the following preliminary results of our research group: In a panel of 

30 gliomas comprising 6 glioblastomas and 24 low-grade and anaplastic gliomas (+ 4 non-

neoplastic brain tissues used as controls), a virtual absence of SOCS3 promotor 

hypermethylation in primary glioblastomas was detected, while SOCS3 promoter methylation 

was found in low-grade, anaplastic and secondary glioblastomas. An additional Affymetrix 

chip-based mRNA expression screen on infiltrating glioma cells showed that SOCS3 

expression was significantly downregulated (Affymetrix sample set 227697_at; fold change = 

2.55; p value < 0.01) in the invasive glioblastoma cells when compared to the less invasive 

tumor cells from the solid tumor core. Based on these preliminary findings, two hypotheses 

were generated and served as a basis for this doctoral thesis (see Figure 5). As primary 

glioblastomas frequently demonstrate activating EGFR aberrations, SOCS3 methylation might 

be an alternative mechanism to substitute for the lack of EGFR aberrations in low-grade, 

anaplastic gliomas and secondary glioblastomas. In addition, SOCS3 inactivation may 

regulate the invasive phenotype of glioma cells. 

 

In order to follow up on these hypotheses the following experimental steps appeared to be 

necessary: 

1. The tumor panel was extended by an additional set of 16 primary glioblastomas, 8 

secondary glioblastomas, and 6 non-neoplastic brain tissues. For these additional 

samples SOCS3 promoter methylation analyses were performed using sodium bisulfite 

sequencing. 

2. Single-strand conformation polymorphism (SSCP) analysis was performed to 

investigate for mutations as another potential inactivation mechanisms of SOCS3 than 

promoter hypermethylation. 

3. EGFR gene copy number and protein expression was assessed by real-time (RT) PCR 

analysis and immunohistochemistry, respectively. These results were correlated to the 

SOCS3 promotor methylation status. 

4. SOCS3 function was investigated in-vitro after transient transfection (inhibition of 

SOCS3 transcription) and later in stable shRNA mediated SOCS3 knock-down glioma 

cell lines. 
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5. Activation of downstream signaling targets within the EGFR/JAK/STAT pathway was 

assessed in-vitro by means of phosphorylation-specific antibodies in dependence on 

SOCS3 inactivation. 

6. The functional impact of SOCS3 inactivation on tumor cell invasion, proliferation and 

apoptosis was investigated by using appropriate cell biological assays in vitro. 

 

 

 
Figure 5: Hypothesis and experimental approach. The major question to be addressed in 
this work was whether SOCS3 promotor hypermethylation represents a surrogate mechanism 
in those glioblastomas that lack aberrantly activated EGF receptor signaling? Does SOCS3 
downregulation lead to the activation of EGFR-related downstream signaling pathway 
members? To analyze this hypothesis a panel of antibodies against phosphorylation-specific 
epitope was used and functional cell-based assays were performed. 
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2 Material 

 

2.1 Tumor samples 

Tumors were selected from the tumor tissue collection of the Department of Neuropathology, 

Heinrich-Heine-University, Düsseldorf, Germany and investigated according to protocols 

approved by the institutional review board. Tumors were classified according to the criteria of 

the World Health Organization (WHO) classification of tumors of the central nervous systems 

(Louis al. 2007). Parts of each tumor were snap-frozen directly after operation and stored at -

80 °C. Only tissue samples with a tumor cell content of 80% or more were used for molecular 

analyses. The tumor series consisted of 60 human gliomas, including 25 primary 

glioblastomas and 8 secondary glioblastomas, WHO grade IV (GB); 4 anaplastic 

astrocytomas, WHO grade III (AA); 3 diffuse astrocytomas, WHO grade II (A); 6 anaplastic 

oligoastrocytomas, WHO grade III (AOA); 4 oligoastrocytomas, WHO grade II (OA); 7 

anaplastic oligodendrogliomas, WHO grade III (AO); and 3 oligodendrogliomas, WHO grade 

II (O) (Table 2). Ten non-neoplastic brain samples were taken from different individuals 

(NB1-NB10) and used as reference samples (5 tissue specimens obtained by neurosurgical 

resection or open biopsy, 2 tissue specimens obtained at autopsy and 3 tissue specimens or 

nucleic acids obtained from commercial sources; Table 2). 

 

Commercially available hypermethylated DNA (CpG GenomeTM Universal Methylated 

DNA, Cat.-No. S7821; Millipore, Billerica, MA) was used as a positive control for the 

methylation studies. 



 
 
 2 Material 

 
19 

Table 2: Clinical data of the patients 
included in the study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* 
1, tissue specimens (tp) obtained by neurosurgical resection 
or open biopsy;  
2, tissue specimen obtained at autopsy;  
3, tissue specimen or nucleic acids obtained from 
commercial sources;  
n.a. data not avaliable 

Case No. SOCS3 Age gender Tissue from* 
AOA 18 

h
yp

er
m

et
h

yl
at

ed
 

33 m 1 
OA 6 50 m 1 
pGB 115 31 m 1 
A 72 44 m 1 
AO 34 51 f 1 
AOA 15 68 m 1 
O 13 61 m 1 
OA 1 41 m 1 
AOA 10 33 m 1 
AO 35 71 m 1 
sGB 4 72 m 1 
sGB 119 37 m 1 
O 18 47 m 1 
AA 93 42 f 1 
AO 19 47 m 1 
OA 2 61 f 1 
AO 23 48 m 1 

A 78 

n
ot

 h
yp

er
m

et
h

yl
at

ed
 

65 m 1 
AOA 13 56 m 1 
O 14 n.a. f 1 
AO 29 60 f 1 
A 8 32 m 1 
pGB 130 65 f 1 
AA 77 13 m 1 
AA 7 n.a. m 1 
pGB 98 54 m 1 
OA 9 65 f 1 
AO 17 59 m 1 
AO 21 61 m 1 
AOA 7 50 m 1 
AOA 39 69 m 1 
AOA 46 37 m 1 
pGB 137 57 m 1 
pGB 110 69 f 1 
pGB 133 52 m 1 
pGB 107 74 m 1 
pGB 164 49 m 1 
pGB 59 71 f 1 
pGB 955 69 m 1 
pGB 966 67 f 1 
pGB 962 43 m 1 
pGB1059 54 m 1 
pGB 260 53 f 1 
pGB 941 43 f 1 
pGB 930 52 f 1 
pGB 756 57 m 1 
pGB 962 43 m 1 
pGB 825 76 f 1 
pGB 912 78 m 1 
pGB 710 74 m 1 
pGB 974 54 m 1 
pGB 961 72 m 1 
pGB 700 73 m 1 
pGB 136 63 f 1 
sGB 239 50 m 1 
sGB 237 39 m 1 
sGB 238 29 f 1 
sGB 175 62 m 1 
sGB 236 59 f 1 
sGB 234 45 m 1 

HM-DNA 

co
n

tr
ol

s 

n.a. m 3 
NB1 65 m 1 
NB2 72 f 2 
NB3 24 m 3 
NB4 <1 f 3 
NB5 37 m 3 
NB6 76 m 2 
NB7 n.a. n.a. 1 
NB8 n.a. n.a. 1 
NB9 n.a. n.a. 1 
NB10 n.a. n.a. 1 
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2.2 Human glioblastoma cell lines 

The following glioblastoma cell lines were used in this study: 

 
Table 3: The TP365MG cell line was provided by professor V.P. Collins, Cambridge, UK 
and the others were obtained from the American Type Culture Collection, Manassas, VA. 
 

Cell line Cell type 

A172 human glioblastoma cell line 

U251MG human glioblastoma cell line 

TP365MG human glioblastoma cell line 

U118MG human glioblastoma cell line 

T98G human glioblastoma cell line 

U87MG human glioblastoma cell line 

 

2.3 Oligonucleotides 

2.3.1 Primers 

All primer sequences used in the own experiments are listed in the respective chapters and 

were obtained from Eurofins MWG, Ebersberg, Germany. 

 

2.3.2 siRNAs and shRNAs 

The sequences of the siRNAs (Qiagen, Hilden, Germany) and shRNAs Eurofins MWG, 

Ebersberg, Germany) used for the transient or stable transfection of cultured glioblastoma cell 

lines are provided in Table 4 below. 

 

siRNA (50nM) sequence (sense strand) 

Hs_SOCS3_6 5’-cgcucagcgucaagacccatt-3’ 

Custom siRNA_SOCS3 5’-ccaagaaccugcgcauccatt-3’ 

AllStars Negative Control siRNA not available 

ShRNA sequence (sense strand) 

sh1_SOCS3 5’-tgacggtcttccgacagagat-3’ 

sh2_SOCS3 5’-tttctcataggagtccaggtg-3’ 
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2.4 Transfection plasmid 

ShRNAs were cloned into the pcDNATM 6.2-GW/EmGFP-miR vector (Invitrogen, Carlsbad, 

CA; see Figure 6) containing the human cytomegalovirus (CMV) promoter, EmGFP (green 

fluorescent protein, 26.9 kDa) for fluorescent detection as well as a blasticidin resistance gene 

for selection of the stably transfected glioblastoma cells. 

 

 
 
Figure 6: The pcDNATM 6.2-GW/EmGFP-miR vector (Invitrogen, Carlsbad, CA) used for 
stable transfection of glioblastoma cell lines. This vector contains the green fluorescence 
protein (GFP)  gene, a blasticidin and spectinomycin resistant gene. 
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2.5 Antibodies 

2.5.1 Primary antibodies 

Table 5a lists the different commercially available primary antibodies used in the own 

experiments and their respective sources. 

 
Table 5a: Primary antibodies and dilutions. 
 

Antibody Raised in Dilution Manufacturer Catalog No. 

p-STAT3 (Tyr705) Mouse 1:500 in 5 % milk Cell Signaling #9138 

p-MAPK 
(Thr202/Tyr204) 

Rabbit 1:500 in 5 % BSA Cell Signaling #9101 

p-Akt (Ser473) Rabbit 1:1000 in 5 % BSA Cell Signaling #4060 

p-FAK (Tyr397) Rabbit 1:500 in 5 % BSA Cell Signaling #3283 

α-Tubulin Mouse 1:3000 Sigma-Aldrich # T5168 

SOCS3  Rabbit 1:100 Abcam #160030 

 

2.5.2 Secondary antibodies 

The following secondary antibodies were used for detection of primary antibody binding 

(Table 5b). 

 
Table 5b: Secondary antibodies and dilutions. 
 

Antibody conjugat Dilution Manufacturer Catalog No. 

Anti-mouse-IgG HRP 1:10000 in 5 % milk Jackson Lab 115035174 

Anti-rabbit-IgG HRP 1:10000 in 5 % BSA Jackson Lab 211032171 
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2.6 Solutions, buffers and media 

The following solutions, buffers and media were used (Table 6): 
 

Solutions, buffers, media Composition 

1 x TE-buffer:  
10 mM Tris HCL  
1 mM EDTA, pH 8.0  

10 x TAE-buffer  
400 mM Tris-Base 
200 mM NaOAc  
10 mM EDTA, pH 8.0  

10 x TBE-buffer:  
 

900 mM Tris Base  
900 mM Borsäure  
20 mM EDTA, pH 8.0  

1 x TBST-buffer  
 

18 g NaCl  
200 ml Tris-Puffer  
Aqua dest. ad 2000 ml  
2 ml Tween 

Sequencing-buffer 
4 ml not-ionised Formamid (80 % v/v)  
1 ml EDTA (25 mM, 20 % v/v, pH 8.0) 
250 mg Blue Dextran (50 mg/ml)  

6 x Sample loading-buffer (for agarose gels) 
30 % Glycerol (in 1 x TE-buffer) 
0.025 % Bromophenolblue 
0.025 % Xylencyanol 

4 x Sample loading-buffer (for SSCP gels) 
4 part of formamide 
1 part of Bromophenolblue/ Xylencyanol-dilution 
(Sigma) 

Sodium carbonate solution 
210 g sodium carbonate 
3.5 ml formaldehyde 
Aqua dest ad. 7000 ml 

4 x Sample loading-buffer (for SDS page) 

100 mM Tris, pH 6.8 
6 % SDS 
40 % Glycerol, 4 % β-mercaptoethanol 
0.025 % Bromphenolblue 

Protein-lysis-buffer 

50 mM Tris-Cl, pH 8.0 
150 mM NaCl 
0.5 % TritonX-100 
0.5 % Deoxycholate 
1 Tablet of protease inhibitor (Roche, Germany) per 
10 ml lysis buffer 
1 Tablet of phosphatase inhibitor (PhosStop, Roche, 
Germany) per 10 ml lysis buffer 

1 x Gel running-buffer 
25 mM Tris 
250 mM Glycine supplemented with 0.1 % SDS 
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1 x Transfer-buffer 
24 mM Tris 
192 mM Glycin 
20 % Methanol 

PBS-Tween-dilution  
(containing 0,05 % Tween) 

Na2HPO4 21.8 g  
NaH2PO4 6.4 g  
NaCl 180 g  
Aqua dest ad 1000 ml (adjusting pH 7.2)  
5 ml Tween 20  

4 x SDS buffer 

62.5 mM Tris-HCl; pH 6.8 
10 % (v/v) Glycerin 
2 % (w/v) SDS 
0.02 % (w/v) Bromphenolblue 

Ponceau S 
0.5 % (w/v) in H2Odd 

1% acetic acid 

“Stripping” solution for Western blots 

2.5 ml 2 M Glycerin 
3.2 ml 4 M NaCl 
250 µl β-mercaptoethanol 
25 µl Tween 20 
ad 50 ml Aqua dest. 

4 x Stacking gel (pH 6,8) 
0.6 M Tris-HCl 
0.4 % (w/v) SDS 

4 Separating gel (pH 8,8) 
25 mM Tris base 
0.4 % (w/v) SDS 

Freezing-medium for cell culture 
10 % (v/v) DMSO 
90 % activated fetal calf serum 

Complete DMEM  
(Dulbecco's Modified Eagle's Medium) 

DMEM including phenol red 
10 % activated fetal calf serum 
1 mM sodium pyruvate 
100 U/ml Penicillin 
100 µg/ml Streptomycin (Cambrex, Belgium) 
(100µg/ml Blasticidin) 

PBS (pH 7,4) 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 anhydrate 
1.8 mM KH2PO4 
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3 Methods 

 

3.1 Molecular biological methods 

3.1.1 DNA and RNA isolation 

DNA and RNA from frozen tissue specimens (tumor or non neoplastic brain tissue) had been 

previously extracted by ultracentrifugation as described elsewhere (van den Boom et al. 

2003). Total RNA from cultured cells was isolated using the RNeasy mini kit (Qiagen, 

Hilden, Germany) according to the manufacturer´s protocol. 

 

3.1.2 DNA amplification 

DNA amplification was performed by using the polymerase chain reaction (PCR). PCR is one 

of the easiest and most commonly used biomolecular techniques for the amplification of 

specific nucleic acid fragments. The reaction mixture contains the double–stranded DNA that 

shall be replicated, two specific primers (oligonucleotides) with complementary sequences 

matching to the DNA sequence of interest, reaction buffer and the thermally stable Taq 

polymerase. Addition and concentration of additives such as MgCl2 (magnesium chloride) 

and PCR enhancers [Q-Solution or dimethyl sulfoxide (DMSO)] were individually optimized 

for each primer pair. In addition, annealing temperature and cycle numbers were optimized to 

aquire the best possible amounts of specific PCR products. A representative example for the 

master mix of a PCR reaction is listed below (Table 7). 

 

The PCR procedure consists of 3 different steps that are repeated several times: For separating 

the double-stranded DNA into two single strands (denaturation), the double-stranded DNA is 

heated to 95 °C. The two single strands are complementary to each other. The next step is 

called primer annealing. Here, it is important to keep a specific temperature (56 °C - 60 °C) 

permitting the annealing of the primer from the 5' to the 3' end of the DNA. Afterwards, the 

thermally stable Taq polymerase begins attaching free nucleotides to the 3’ end of the DNA 

(at 72 °C) and synthesizes the missing complementary DNA strand. So, "new" double 
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stranded DNA is generated (extension). By the repetition of denaturation, annealing and 

extension the designated DNA-segment is exponentially amplified. 

 
Table 7: Example for the master mix of a PCR reaction. 
 

 volume (24 µl-Mix) 

Aqua dest ad 24 µl 

10x PCR-buffer 2,5 µl 

dNTPs (2mM) 2,5 µl 

Primer forward (10 pmol) 1,5 µl 

Primer reverse (10 pmol) 1,5 µl 

MgCl2 (Invitrogen) 0,75 µl 

Taq-DNA polymerase (Invitrogen, 
5 u/µl) 
HotStarTaq DNA Polymerase (Qiagen)

0,1 µl 
 
0,15 µl 

optionally: DMSO (100 %) 2,5 µl 

 or Q-Solution (20 %) 5 µl 

+ genomic DNA ( 20ng/µl) 1 µl 

Total volume 25 µl 

 

The whole PCR procedure was performed in a thermocycler (Biometra) using the following 

program (Table 8): 

 

Step temperature  duration  cycle number 

 
1. Initial denaturation 
 

 
95°C 

 
5 min. 

 
 

2. Denaturation 95°C 20 sec 

 

 

3. Annealing 58°C 20 sec x 34 

4. Extension 
 

72°C 20 sec  

5. Final extension 
 

72°C 10 min.   

6. Hold 4°C hold   
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3.1.2.1   Electrophoretic DNA separation using agarose gels 

Using gel electrophoresis, DNA molecules can be separated due to their size. So it is possible 

to control or analyze the specificity of the amplified DNA. The velocity of migration through 

the gel depends on size of the DNA fragment and the applied voltage. For agarose gels (2 %) 

2 g of agarose powder and 100 ml of 1x TAE buffer were boiled until the resulting solution 

became clear. Subsequently, ethidium bromide (EtBr; final concentration of 1.0 µg/ml) was 

added to the solution. EtBr intercalates with DNA and makes it visible in ultraviolet light. 

 

The gel solution was poured into a gel chamber (containing a gel-comb) for polymerisation 

after cooling to RT for approximately 15 min. DNA samples were supplemented with 6x 

DNA agarose gel loading buffer and stored up to their application at 4 °C. As soon as the gel 

was polymerized, it was placed into a gel running-chamber containing 1x TAE buffer, 

followed by applying the samples into the provided gel pockets. To identify and distinguish 

all different DNA fragments from each other, 4 µl of a 100 bp (base pair) DNA marker was 

added to the gel. Electrophoresis was performed at a constant current of 180 mA for 20 min. 

By using an UV transilluminator all DNA-bands became visible and were photographically 

documented. 
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3.1.3 Mutational analysis 

Single strand conformation polymorphism (SSCP; Maxam et al. 1980, Orita et al. 1989)/  

heteroduplex analysis was performed to detect mutations within the entire coding sequence of 

SOCS3 in all 60 tumors. This method is based on detecting differences within the DNA 

secondary structure. After denaturation, the resulting single strands present modified base 

pairings depending on their sequence, which results in a specific conformation. These 

differences are causing different running performances in polyacrylamide gels. At least two 

different electrophoresis conditions (temperature, cross-linkage of polyacrylamide) were used 

for each PCR product to increase the likelihood for detection of mutations. Before starting 

mutation detection for SOCS3 gene, the parameters were optimized for each PCR product.  

For reliably detecting mutations it is absolutely necessary to gain a clear pattern of bands 

without background. A single mutation within one base leads to a conformational aberration 

of the single strand resulting in another running performance of the PCR fragment in non-

denaturing PAA gels (for mixture of the PAA gel see Table 10; gel stock solution: 

Acrylamide (AA; 40 %); Bisacrylamide (BAA; 2 %); 10x TBE). 

First, SOCS3 was amplified in 5 fragments from genomic DNA by using PCR (for detailed 

information concerning PCR conditions see Table 11). This was performed by utilizing 5 

different primer pairs that covered the entire coding gene sequence of SOCS3 (primer 

sequences are listed in Table 9). 

 
Table 9: Primer sequences used for mutational analysis. 
 

Gene Application Annotation Primer Sequence Fragment size (bp) 

SOCS 3 SSCP analysis 

Fragment 1 
5’-CTTGTGCTTGTGCCATGTG-3’ 

200 
5’-GCCACTCTTCAGCATCTCTG-3’ 

Fragment 2 
5’-CAGCTGGGTGACTTTCTCAT-3’ 

216 
5’-CCACCTACTGAACCCTCCTC-3’ 

Fragment 3 
5’-CCCGGAGTAGATGTAATAGGC-3’ 

281 
5’-CGCCACTTCTTCACGCTCA-3’ 

Fragment 4 
5’-CAGGTTCTTGGTCCCAGACT-3’ 

214 
5’-CAAGACCTTCAGCTCCAAGA-3’ 

Fragment 5 
5’-GGTCACTGCGCTCCAGTAGAA-3’ 

264 
5’-CTCGCGCCTTCCTCTC-3’ 
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All amplified fragments were supplemented with PAA sample loading-buffer (5μl of 6x 

sample loading-buffer + 5μl DNA-sample). Before applying this mixture to the gel lanes it 

was heated up to 95 °C (5 min) for denaturation. PCR products were separated by 

electrophoresis on 10-12 % polyacrylamide gels at RT and at 4 °C overnight. Gels were then 

silver stained (see Figure 16,) according to the protocol in Table 12 to visualize band patterns. 

PCR products were sequenced in case of aberrant band patterns. 

 
Table 10: Mixture of PAA-gel, cross-linkage 1(AA):29(BAA), additionally added: 350 µl 
ammonium persulphate (APS) and 70 µl TEMED to start gel-polymerization. 
 

concentration [%] 8 10 12 

volume [ml]:    

AA 38,66 48,34 58 

BAA 26,66 33,34 40 

TBE (1x) 20 20 20 

Aqua dest 114,68 98,32 82 

 

 
Table 11: PCR-parameters and conditions of gel electrophoresis. 
 

Amplicon Primer 
DNA-fragment 
(bp) 

PCR parameters 
(Temp, cycle 
number, additives) 

Gel-parameters 
(concentration, Temp, 
Cross-linkage) 

SOCS3 -1 
SOCS3- 

SSCP-F1/R1 

200 

 

58°C, 35 cycles, 

Q-Solution 

1.   8 %, 4°C, 1:29 

2.  10 %, RT, 1:29 

SOCS3 -2 
SOCS3- 

SSCP-F2/R2 
216 

58°C, 35 cycles, 

DMSO 

1.   8 %, 4°C, 1:29 

2. 10 %, 4°C, 1:29 

SOCS3 -3 
SOCS3- 

SSCP-F3/R3 
281 

58°C, 35 cycles, 

DMSO 

1.   8 %, 4°C, 1:29 

2. 10 %, 4°C, 1:29 

SOCS3 -4 
SOCS3- 

SSCP-F4/R4 
214 

58°C, 35 cycles, 

Q-Solution 

1. 12 %, 4°C, 1:29 

2. 10 %, RT , 1:29 

SOCS3 -5 
SOCS3- 

SSCP-F5/R5 
264 

58°C, 35 cycles, 

DMSO 

1. 12 %, RT , 1:29 

2. 10 %, RT , 1:29 
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Table 12: Silver staining protocol for SSCP-gels. 
 

Step Program 

1 10 % EtOH for 10 min (fixing) 

2 1 % HNO3 for 2 min 

3 Washing with Aqua dest 

4 Silver staining with 0.2 % AgNO3 for 30 min 

5 Washing with Aqua dest (two times) 

6 Several washing steps with Aqua dest 

7 
 

Na2 CO3 (solution for development) washing until band pattern is visualized, (pH-
change => complexed silver ions are reducted to silver) 

8 10 % acetic acid (stopping the reaction) for 10 min 

9 Gel is drawn to filter paper, drying in vacuum gel dryer for 2 hours (Biorad) 

 

3.1.4 mRNA expression analysis 

3.1.4.1  cDNA synthesis 

To perform expression analysis, mRNA was transcribed into cDNA (copy DNA) by using a 

RNA-dependent DNA polymerase (isolated from retroviral reverse transcriptase). 3 µg of 

total RNA extracted from tumor tissue or cell lines were added to 29.4 µl RNase-free water 

and were then denatured at 70 °C in a thermocycler (Biorad) for 5 min followed by a brief 

ice-quenching. 

In the meantime, the RNA-MasterMix was prepared according to the following protocol 

(Table 13): 

 

RNA-MasterMix 1x [µl] 10x [µl] 

DTT (dithiothreitol, Invitrogen)  0,4 4 

RNasin (40 000 U/l, Promega) 1 10 

BSA (bovine serum albumin; 2,9mg/ml) 1,7 17 

dNTP-mix (25µM per each dNTP)  2,5 25 

pd(N) 6 (1,5µg/µl; Pharmacia)  3 30 

5x H-RT-buffer (Invitrogen)  10 100 

Total volume 18,6 186 
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18.6 µl of prepared RNA-MasterMix were added to the RNA-Mix which was then heated up 

to 42 °C for 3 min followed by spiking with 1 µl random hexanucleotide primers and 

SuperScript® Reverse Transcriptase (Invitrogen, Carlsbad, CA). The whole mixture was then 

incubated using the following program for 60 min (Table 14): 

 
Table 14: Program for cDNA-synthesis. 
 

sequence time [min.] temperature [°C] 

1. 50  42 

2. 10 80 

3. Pause 4 

 

The synthesized cDNA was stored up to use at -20 °C. 

Before usage, the cDNA quality was controlled by PCR (PCR conditions are listed in Table 

16) with two different ß2-microglobulin primer pairs (for primer sequence see Table 15) that 

cover an amplicon in the 5' and 3' area of this gene, respectively. 

 
Table 15: Primers used for ß2-microglobulin-PCR. 
 

Gene Application Annotation Primer Sequence 
Fragment 
size (bp) 

SOCS 3 Real-time (RT) PCR 

ß2MG-3-for 
ß2MG-3-rev 

5'-GTTGCTCCACAGGTAGCTCTAG-3' 
110 

5'-ACAAGCTTTGAGTGCAAGAGATTG-3' 

ß2MG-5-for 
ß2MG-5-rev 

5'-GTCTCGCTCCGTGGCCTTAG-3' 
123 

5'-CATTCTCTGCTGGATGACGTGAG-3' 

 

All cDNAs were diluted with Aqua dest. (1:25) to perform quantitative mRNA expression 

analysis by real-time RT-PCR. 
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Table 16a and 16b: PCR-reaction and program for cDNA quality control. 
 

 

 1x [µl] 

Aqua dest. 11.15 

5x PCR-buffer 2.5 

dNTPs (10 mM) 2.5 

Primer forward  
(10 pmol) 

1.5 

Primer reverse  
(10 pmol) 

1.5 

MgCl2 0.75 

Taq-DNA-
polymerase 

0.1 

Total volume 20 

* cycle number: x 30 
 

Step 
Temperature 
[°C] 

Time 
[sec] 

1. Initial denaturation 95 300 

2. Denaturation* 95 20 

3. Annealing* 58 20 

4. Extension* 72 20 

5. Hold 4 hold 

 

3.1.4.2  Real-time reverse transcription (RT)-PCR analysis 

Real-time (RT)-PCR is a quantitative expression analysis that is based on the polymerase 

chain reaction. In contrast to conventional PCR, the real-time (RT)-PCR measures the 

increase of the PCR product with cycle number and thereby avoids misinterpretation of results 

caused by saturation.  

The double-stranded DNA concentration in this study was measured by incorporation of 

fluorescent dye SYBR Green I intercalating with dsDNA. SYBR Green Ι only shows 

fluorescence in the presence of dsDNA (double-stranded) and after being specifically 

stimulated by a halogen lamp (wavelength: 470 nm). SYBR Green I absorbs blue light 

(wavelength: 498 nm) and emits green light (wavelength: 522 nm), which is measured by 

using a photodiode (Figure 7). 
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Figure 7: Principle of the real time (RT)-PCR method. SYBR Green I only binds to 
dsDNA. The resulting amount of fluorescence is proportional to the (log) amount of the 
produced dsDNA concentration. (http://homepages.strath.ac.uk/~dfs97113/BB310/lect403.html) 
 

Increases in fluorescence are measured and shown on a monitor after each single PCR cycle. 

All expression analyses were performed in three technical replicates. Expression of the target 

gene SOCS3 was measured against the expression of the house-keeping gene ARF1 (ADP-

ribosylation factor-1; NCBI GenBank no. M36340) using the Ct method (Livak et al. 

2001). The amount of cDNA utilized for the real-time (RT) PCR may slightly vary, i.e. due to 

an inaccurate quantification of RNA or variable cDNA synthesis efficiency. To correct for 

these methodical inconsistencies it is necessary to relate all results to a control gene 

(“housekeeping-gene”) which is not regulated in the tumor samples and the expression level 

of which only depends on the amount of RNA used in the cDNA synthesis reaction. For 

assessment of EGFR gene copy number gains, the amplification level of each gene was 

normalized to the gene dosage of the genomic marker D2S1743 (WI3306.1) at chromosomal 

band 2q21.2. Non-neoplastic brain tissue was used as reference for normal tissue (human 

normal brain). Universal Human Reference RNA (Stratagene) was used on every 96-“well 

plate” as a calibrator to compare results between individual plates and runs. 

 

To find out the optimal concentration ratio for forward and reverse primer (for used primer 

sequences see Table 17), it was required to create a "primer matrix”. 
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Table 17: Primer sequences used for real-time (RT) PCR. 
 

Gene Application Primer Sequence Fragment size (bp) 

SOCS3 Real-time (RT)PCR 
5’-CAAGGACGGAGACTTCGATT-3’ 

137 
5’-AACTTGCTGTGGGTGACCAT-3’ 

EGFR Real-time (RT) PCR 
5’-CACTGCCTCATCTCTCACCATC-3’ 

109 
5’-GACTCACCGTAGCTCCAGAC-3’ 

EGFR 
genom. 

Real-time PCR 
 

5’-CACTGCCTCATCTCTCACC-3’ 
5’-GACTCACCGTAGCTCCAGA-3’ 

110 

ARF 
Real-time (RT) PCR 
control 

5’-GACCACGATCCTCTACAAGC-3’ 
111 

5’-TCCCACACAGTGAAGCTGATG-3’ 

WI3306.1 
Real-time (RT) PCR 
control 

5’-CATGACTGCGAGCCCAAGATG-3’ 
130 

5’-CAGGTGGTGTCATCAGAATCAG-3’ 

 

 
Table 18: Master Mix for each real-time (RT) PCR reaction; genom: genomic. 
 
Reagent/  
target gene 

SOCS3 
(900mM/300mM) 

ARF1 
(300mM/300mM) 

EGFR 
(300mM/300mM) 

WI 3306.1 
(300mM/300mM) 

EGFR genom 
(300mM/300mM) 

SYBR Green 
I dye 

12.5 µl 12.5 µl 12.5 µl 12.5 µl 12.5 µl 

Primer rev 
(10pmol/µl) 

0.75 µl 0.75 µl 0.75 µl 0.75 µl 0.75 µl 

Primer for 
(10pmol/µl) 

2.25 µl 0.75 µl 0.75 µl 0.75 µl 0.75 µl 

Aqua dest ad 20 µl ad 20 µl ad 20 µl ad 20 µl ad 20 µl 

 

20 µl of prepared master mix and 5 µl of diluted cDNA solution were pipetted into a 96 – well 

plate. Real-time (RT) PCR was performed by using the StepOnePlusTM sequence detection 

system (Applied Biosystems, Foster City, CA) with the conditions listed below (step 2&3 

were repeated 40 times) in Table 19. 

The amount of cDNA exponentially increases during the program. The cycle at which the 

fluorescence exceeds a detection threshold, the Ct (threshold cycle) correlates to the number 

of target cDNA molecules present in the cDNA added. Correspondingly, the fluorescence of 

SYBR Green I increases due to the amount of the PCR product and is quantified after each 
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completed PCR cycle. After finishing the program the relative increase in fluorescence, i.e 

PCR product is plotted logarithmically against the number of cycles (see Figure 8). 

 
Table 19: Real-time (RT) PCR conditions (performed by using StepOnePlusTM sequence 
detection system). 
 

Step temperature [°C] Time 

1 Initial denaturation of dsDNA 95 10 min 

2 Denaturation 95 15 sec 

3 Primer addition, extension and filling up of dsDNA and DNA 
synthesis 

60 1 min 

 

 

 

Figure 8: Illustration of product increase (ordinate, ΔRn) versus cycle number 
(abscissa). This graph shows 3 curves as an example of decreasing fluorescence data from left 
to right. The more RNA or cDNA the sample contains at the beginning, the smaller is the Ct 
value. The left curve crosses the threshold (Ct) approximately at the 18th PCR cycle, while 
the right curve exceeds the threshold at the 25th cycle (Modified from URL: 

http://www.ambion.com/figs/f01305.gif). 
 

In addition, dissociation and melting temperature curve of the amplicons are considered. 

Ideally, all samples present a sharp peak at the melting temperature of the revealed amplicon 

– in contrast in the appropriate blank controls (without template) there should not be any 

significant fluorescence signals. A fluorescence threshold value (“threshold cycle" or Ct 
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value) is determined for analyzing fluorescence data. The Ct value corresponds to the number 

of PCR cycles which are necessary to achieve a constantly defined level of fluorescence. By 

definition, all reaction tubes contain the same amount of synthesized DNA at the point of the 

Ct value. Calculation of the Ct value - directly deduced from fluorescence raw data or 

corresponding curves - is used for correcting the background fluorescence. At this detection 

point of time, the amplification is exponentially. There are no limiting factors (missing 

oligonucleotids, decreasing enzyme activity or PCR inhibition by accumulation of inhibiting 

products) during this PCR phase. 

For quantification of gene expression, the most commonly used comparative Ct method was 

applied (Livak et al. 2001). This method involves comparing the Ct values of the samples of 

interest in case of tumor tissues with a non-neoplastic brain tissue and in case of glioblastoma 

cell lines with cells transcfected with a scrambled control shRNA, or negative control siRNA. 

The Ct values of both samples and controls are normalized to the house- keeping gene ARF1. 

Primarily, the relative mRNA expression of the target gene (SOCS3) in a sample of interest is 

quantified to the mRNA expression of the reference gene (ARF1). The software assesses a Ct 

value (average of three replicates) for each PCR sample followed by determining the 

difference of the Ct values (average) of target and reference gene (ΔCt). Secondly, the relative 

expression of the target gene is related to non-neoplastic brain tissue to define ΔΔCt of the 

tumor samples as follows: ΔΔCt = ΔCt, sample - ΔCt, control.  So in a logarithmic scale the control 

values are 0 and all tumor samples are put in relation to the control values. This also allows 

for comparing measurements between different runs and plates. The relative mRNA 

expression fold change of SOCS3 results from reversing the logarithmic values by using the 

following formula: 2-ΔΔCt. 

 

3.1.5 Promotor methylation analysis by using direct bisulfite sequencing 

Sequencing of sodium bisulfite modified DNA is often used to analyse the methylation status 

of CpG sites of interest. 

 

3.1.5.1  Primers and sequenced fragment 

The SOCS3 gene is located on the long arm of chromosome 17. Two primers were designed 
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to span a fragment of the SOCS3 associated 5’-CpG island located at 17q25.3 between 

nucleotides 73,867,448 and 73,867,855 (numbering according to the UCSC genome browser, 

URL: http://www.genome.ucsc.edu). This fragment was PCR-amplified after sodium 

bisulfite-modification of the DNA using the primers as reported in Table 20.  

The amplified fragment covered in total 43 CpG sites, directly spanning the transcription start 

site of SOCS3 (see Figure 9). The CpG sites are numbered in relation to the transcription start 

site starting with positive numbering at the transcription start site in direction to the 3’ end 

and negatively continueing to the 5' end. Thus, the primers are located directly behind the 

CpG site +27 and -16. 

 

 
Figure 9: Sequenced fragment of the SOCS3 5’ gene region and all 43 CpG sites. 
Transcription start is abbreviated as “TCS” and highlighted green, binding sites for the 
forward and reverse primer are highlighted in red. 
 

 

Table 20: Primer sequences used for methylation analysis. 
 

Gene Application Primer Sequence Fragment size (bp)

SOCS 3 
Sodium bisulfite 
sequencing 

5’-AGTAGTGATTAAATATTATAAGAAGGT-3’ 407 
 5’-TCCTTAAAACTAAACCCCCTC -3’ 
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3.1.5.2  Sodium bisulfite treatment of genomic DNA 

Sodium bisulfite preferentially deaminates cytosines (C) into uracils (U), in comparison to a 

very slow fraction of deamination of 5-methyl-cytosine to thymine (T). Converting genomic 

DNA by using sodium bisulfite is based upon a method firstly described by Frommer et al. 

(1992).  

The bisulfite reaction results in DNA strands that are no longer complementary to each other. 

Therefore, it is possible to design specific PCR primers that are only able to bind to one of the 

bisulfite-treated DNA strands. Specifically designed primers for each single-strand vary in 

every position where there is a “C” in the original sequence. In case of methylated DNA “C”s 

that are part of a “CG” dinucleotide remain unchanged and can therefore be detected by 

sequencing. Bisulfite modification thus serves to transpose an epigenetic difference in a 

genomic sequence difference that can be readily detected. Unmethylated “Cs” are transferred 

into “U”s whereas methylated “C”s remained unconverted (see Figure 10a). The next step 

consists in the PCR amplification of the bisulfite-treated DNA. During this step, uracils are 

replaced by (see Figure 10b). 

 

 

 
Figure 10: Sodium bisulfite treatment changes unmethylated cytosines into uracils 
whereas methylated cytosines remain unconverted (a). All bisulfite-converted uracils are 
replaced by thymines during amplification (b). (URL: http://www.alphabiolab.com/page2/page2.html) 
 

In a direct sequencing method, all obtained trace files of heterogeneously methylated CpG 

sites show both, cytosine signals for methylated sites and thymine signals for unmethylated 
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sites. All produced bisulfite-treated DNA is directly used for methylation-specific PCR or 

stored at –20 °C.  

Different solutions were freshly prepared before starting experiments (Table 21). To avoid all 

feasible sources of contamination special micropipettes were only used for bisulfite 

sequencing. All solutions were prepared in a separate room under a laminar airflow bench.  

 
Table 21: Solutions used for sodium bisulfite treatment of DNA. 
 

Solution Ingredients 

10 N NaOH 
4 g NaOH 
10 ml Aqua dest. 

10 mM hydroquinone 
0 11 g hydroquinone 
100 ml Aqua dest. 

3 M sodium bisulfite, pH 5.0 
15.6 g 3 M sodium bisulfite (pH 5.0) 
50 ml Aqua dest. 

 

Sodium bisulfite treatment of 1 µg DNA was performed overnight (16 h) according to the 

following protocol (Mueller et al. 2007; Table 22): 

 
Table 22: Protocol for bisulfite treatment. 
 

Step Mixture Temperature [°C] Time 

1 
   1 µg DNA 
+ 1.5 µl 10 N NaOH 
+ 38.5 µl Aqua dest. 

37 15 min 

2 
   15 µl 10mM hydroquinone 
+ 520 µl 3M sodium bisulfite 

55 16 h 

 

3.1.5.3  PCR amplification using SOCS3 primer pairs 

Genomic (bisulfite treated) DNA amplification was carried out using the HotStar Taq DNA 

polymerase kit (Qiagen, Hilden, Germany) with 10 ng of genomic DNA and gene specific 

primers (see above). The PCR reaction was performed in a standard PCR-Mix and a final 

volume of 20 μl. PCR products were then used for gel electrophoresis on a 2 % agarose gel 

and stained with 2 μl EtBr in 1 x TBE buffer. The expected primer specific bands were 
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identified and eventually cut out from the agarose gel while visualising the PCR products 

under 313 nm UV light. 

 

3.1.5.4  PCR-purification 

PCR products gained from amplification were directly purified after performing gel 

electrophoresis and cutting-off the bands (180V, 2 %). For this, the following kits were used 

according to the manufacturer's protocols: 

 

    Manufacturer     Product 

 Gel Extraction Kit  Genomed                Jetquick Gel Extraction Spin Kit 

 PCR-Purification Kit  Genomed                Jetquick PCR Product Purification Spin Kit  

 

Purified DNA was eluted in 20 µl of sterile Aqua dest. (preheated). The purified DNA was 

stored up to use at -20 °C. 

 

3.1.5.5  Sequencing of DNA fragments 

The chain-termination method is also called the Sanger dideoxy-method (“dd”-method) 

developed by Sanger F et al. 1977. This method is an enzymatic synthesis method that uses 

dideoxynucleotide triphosphate (ddNTPs) as DNA chain terminators.  

The chain-termination method requires a single-stranded DNA sample, DNA primers, 

spanning the fragment of interest, a DNA polymerase, fluorescently labelled nucleotides, and 

specific modified nucleotides that interrupt DNA strand elongation.  

Big Dye® solution (Applied Biosystems) is added to each reaction mix that contains all 4 

labelled ddNTPs (ddATP, ddGTP, ddCTP, or ddTTP). Thus, sequencing is possible in a 

single reaction. The nucleotides lack the 3'-OH group that is required for forming a 

phosphodiester bond between two nucleotides. Therefore DNA-strand extension is 

terminated. All resulting DNA fragments are of varying length. Every single ddNTP emits 

light at different wavelengths. The different fluorescent colors are identified by a detector 

(ABI-PRISMTM-System). Finally, the base sequence can be read in an electropherogram. 
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3.1.5.6  Sequencing reaction 

5 µl of purified DNA and 5 µl loading buffer were then used for electrophoresis on a 2 % 

agarose gel and stained with 2 μl EtBr in 1 x TBE buffer to estimate concentration of the 

PCR-product. 4 to 7.5 µl product were used for the following sequencing reaction (depending 

on the bands intensity, Table 23): 

 
Table 23: Sequencing Mix. 
 

Purified PCR-product 4-7.5 μl 

Reverse Primer (10 pmol/µl) 0.5 μl 

Big Dye® Terminator Cycle 
Sequencing Mix 

2.0 μl 

Aqua dest. ad 10 μl 

 

The sequencing reaction was performed using the following program (25 cycles, Table 24): 

 
Table 24: Sequencing reaction performed in a thermocycler (Biometra). 
 

1. 96°C 10 sec 

2. 50°C 5sec 

3. 60°C 4 min 

4. 4°C Hold 

 

To separate non-inserted fluorescently labelled ddNTPs, the sequencing reaction was 

centrifuged (20 min, 14000 rpm, 4 °C) after addition of 1 µl 3 M of sodium acetate (pH 4.6) 

and 25 ml 95 % ethanol. The supernatant was removed. The resulting pellet was washed by 

using 200 µl of 70 % ethanol twice. Subsequently, the DNA pellet was dried and diluted in     

4 µl sequencing buffer (for the composition of the sequencing buffer compare Table 6 in 4.6). 

 

3.1.5.7  PAAgel electrophoresis using the DNA sequencer ABI-PRISMTM 377 

2 µl of the diluted DNA pellet was applied to a denaturing PAA gel (mixture listed below, 
Table 25):  
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Table 25: Composition of the denatured PAA gel. 
 

Urea 21 g 

30% acrylamide/bis-acrylamide (29:1) 8.4 ml 

10x TBE 6 ml 

Aqua dest. 20 ml 

10% APS  350 µl 

TEMED  15 µl 

 

APS and TEMED were added to the gel mixture shortly before pouring the gel to start 

polymerization. The glass plates have to be spring-cleaned by utilizing special non-

fluorescent cloths with distilled water and isopropanol. This is important, because the 

sequencer’s laser should only recognize the fluorescently labelled nucleotides. After 

completed gel polymerization the samples were loaded and gel-running was started by 

utilization of semi-automatic sequence ABI Prism 377 (Applied Biosystems).  

The samples’ separation was performed at 2500 volts, 48 watts and 51 °C gel temperature for 

8 hours. When reaching the region of detecting fluorescence, the laser records fluorescence 

and generates the electropherogram. While the gel is still running, the sequencing software 

creates an imaginary gel picture and analyzes this automatically. Finally, all 

electropherograms were printed and manually analyzed for the presence of methylated CpG 

dinucleotids. 

 

3.1.5.8  Semiquantitative analysis of methylation 

As a result of the inserted DNA mixture even completely methylated tumors might show a 

weak unmethylated signal after homogenization, resulting from unmethylated intratumoral 

vessels or contaminating microglial cells. The CpG methylation differences within the single 

strands are shown as a double peak, consisting of cytosine and thymine, in the 

electropherogram.  

Direct bisulfite sequencing and semiquantitative calculation of a promoter methylation score 

were carried out as previously established (Tepel et al. 2008). The methylation status at each 

of the analyzed CpG sites was semi-quantitatively rated (depending on the ratio of cytosine 

peak to thymine peak height) using the following scale: 0, completely unmethylated; 1, a 
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weakly methylated signal detectable in the sequence; 2, methylated signal approximately 

equal to unmethylated signal; 3, methylated signal markedly stronger than unmethylated 

signal (see example in Figure 11). 

 

 

 
Figure 11: This excerpt shows two “arrow-marked” cytosine-thymine double peaks 
resulting from sequencing. These are CpG sites, followed by a black guanine. In the first 
case, blue cytosine outweighs the red thymine (methylation score: 3). In the other double peak 
the ratio between “C” and “T” is reversed (methylation score: 1). 
 

Based on this rating, a promoter methylation score in per cent was calculated for each tumor 

as well as for the non-neoplastic brain tissue controls by adding the numbers determined at the 

individual CpG sites divided by the maximum possible methylation score at all analyzed CpG 

sites. Tumors with a methylation score exceeding that of non-neoplastic brain tissue were 

regarded as being hypermethylated (see Figure 13).  

False positive results due to incomplete bisulfite conversion were excluded by controlling for 

the conversion of cytosines entrapped in the respectives sequences that were not part of CG 

dinucleotides. Only sequences with 100 % conversion rates were used for evaluation.  
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3.2 Cell biological methods 

3.2.1 Cell lines and cell culture conditions 

The six glioma cell lines A172, U251MG, TP365MG, U118MG, T98G and U87MG were 

cultured under standard conditions in Dulbecco´s modified Eagle´s medium (DMEM; 

Invitrogen, Karlsruhe, Germany) supplemented with 10 % heat-inactivated fetal bovine serum 

(FCS) and 1 % penicillin/streptomycin (P/S; Invitrogen/GIBCO, Carlsbad, CA) in a 5 % CO2 

containing humidified (95 %) incubator at 37 °C. Cells were passaged under sterile conditions 

in a laminar airflow bench. 

 

3.2.2 Mycoplasma test 

All cell lines were regularly tested for contamination with mycoplasma by nested PCR. 

Nested PCR is a modified PCR method that - due to the amplification of primer binding sites 

– is sensitive enough to detect even small amounts of DNA, in this case resulting from 

contamination with mycoplasma. PCR products were separated using agarose gel 

electrophoresis (primer sequences are listed in Table 26). 

 
Table 26: Primer sequences used for the mycoplasma contamination test. 
 

Gene Application Annotation Primer Sequence 
fragment 
size (bp) 

Mycoplasma myc-PCR F1/ R1 
5’-ACACCATGGGAGCTGGTAAT-3’  
5’-GTTCTTTGAAAACTGAAT-3’ 

* 

Mycoplasma myc-PCR F2/ R2 
5’-CTTCWTCGACTTYCAGACCCAAGGCAT-3’ 
5’-GCATCCACCAWAWACTCT-3’ 

* 

*myc-primer are non-specific primer, you can even amplify different strains 

 

3.2.3 Transfection of cultured glioma cell lines 

Transfection is the procedure of inserting “external” DNA in a system of choice (here 

eucaryotic cells) with or without using a vector. Expressing “external” DNA enables to 

observe the effect / function of this gene on gene expression, transcription, translation and 

post-translational protein modification. While the transfected DNA is only temporarily 

expressed in the cells when using a transient transfection method, the so-called “stable” 
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transfection is characterized by permanently integrating the “external” nucleic acids into the 

cell´s genome. This results in changed protein expression levels lasting unlimited time. 

The transfer of negatively charged DNA through the negatively charged cell lipid membrane 

is a general problem of transfection. This requires transfection reagents (lipid-based) 

surrounding the DNA-molecules and so mediating the DNA´s transfer through the cell´s 

membrane. 

 

3.2.3.1  Transient transfection of glioblastoma cell lines with siRNA 

“RNA interference” is a method of “switching-off” genes at the mRNA level. Short double-

stranded RNA fragments (siRNAs) are transfected into the cells activating cell endonucleases 

that specifically cut mRNA complementary to the siRNA. In the own experiments, SOCS3 

was down regulated in A172, U251MG, TP365MG, U118MG, T98G and U87MG glioma cell 

lines by transient transfection using a 50 nM siRNA (sequence previously published by Puhr 

et al. 2010) and another commercially presynthesized siRNA (Qiagen, Hilden, Germany) with 

HiPerFect transfection reagent (Qiagen. Hilden, Germany) (for siRNA sequences see Table 4, 

4.2.2 “Material”). Cells were trypsinized and disseminated in a concentration of 3x 104 cells/ 

well on a 24-well plate.  

Then 100 μl OptiMEM (serum-free; Invitrogen, Karlsruhe, Germany) and 1.25 µl (50 nM) 

siRNA (Qiagen, Hilden, Germany) were added and mixed with 3 μl HiPerFect (Qiagen, 

Hilden, Germany). Followed by an incubation time of 5-10 minutes, the mixture was carefully 

pipetted onto the cells. After 24 hours the cells medium was changed and after 48 hours cells 

were harvested and RNA was isolated using the RNeasy mini kit (Qiagen, Hilden, Germany). 

To normalize for side effects that have not been caused by a specific siRNA-mediated gene 

knock-down, cells were additionally transfected with commercially available negative control 

(AllStars Negative Control, Qiagen) used in the same concentration. Results were reproduced 

in at least two independent experiments. 

 

3.2.3.2  Generation of glioblastoma cell lines with stable SOCS3 knock-down 

To obtain stably transfected glioblastoma cells, the pcDNATM 6.2-GW/EmGFP-miR vector 

(Invitrogen, Carlsbad, CA) was used (for further details see: Figure1, Materials).  
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Basically, following the protocol of transient transfection, stable transfected cells are exposed 

to selection pressure by incubation with DMEM containing blasticidin (20 µg/ml) after 

transfection. Blasticidin interacts by inhibiting peptide bond formation by the ribosome, 

thereby causing that cells can no longer assemble new proteins through translation. Cells 

containing the vector are resistant to the blasticidin effect. 

Glioblastoma cells with a stable SOCS3 knock-down were generated using vector-based 

shRNA-mediated RNAi. To control for potential off-target effects, two different predesigned 

shRNA oligonucleotides (Qiagen, Hilden, Germany; sequences listed in Table 2, Materials) 

were used. Firstly, shRNA oligonucleotides were cloned into the pcDNATM 6.2-GW/EmGFP-

miR vector (Invitrogen, Carlsbad, CA). Then DNA sequencing was performed to confirm the 

proper orientation of these inserts in the vector and to exclude feasible mutations. Secondly, 

320000 cells/ “24-well” of U251MG, U87 and A172 cells were disseminated in DMEM 

supplemented with 10 % FCS, blasticidin (20 µg/ ml) and without 1 % P/S one day before 

transfection. The next day, disseminated cells were transfected with the shRNA 

oligonucleotid-containing pcDNATM 6.2-GW/EmGFP-miR vectors using GeneJuice 

transfection reagent (Merck, Darmstadt, Germany) and OptiMEM according to the 

manufacturer’s recommendations. Cells were also transfected with the pcDNATM 6.2-

GW/EmGFP-miR-negative control plasmid containing an insert that can form a hairpin 

structure that is processed into mature miRNA, but is not predicted to target any known 

vertebrate gene. The third day, all transfected cells were passaged and seeded in low cell 

density (10000-50000 cells, depending on the transfection efficiency) in cell culture dishes 

(10 cm) using DMEM (containing: 10 % FCS, 1 % P/S, blasticidin 20 µg/ ml). The medium 

was replaced with fresh media every 2-3 days. Only cells that have stably integrated the 

pcDNATM 6.2-GW/EmGFP-miR vector survive under these conditions.  

Individual clones were then grown from single blasticidin-resistent cell colonies that were 

isolated by using a pipette. Stable transfectants were further selected by growing under 20 

µg/ml blasticidin. Two different subclones of each of the two hairpins were investigated in the 

in vitro experiments to control for insertion-site specific side effects (see Figure 3, Results). 
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3.2.4 Cell-based functional assays 

3.2.4.1  Proliferation assay 

To determine the influence of shRNA-mediated SOCS3 knock-down on cell proliferation, 

U251MG clones were compared to control-transfected cells using a commercially available 

BrdU incorporation assay (Roche, Mannheim, Germany). 2000 cells/ 100 µl were seeded on a 

96-well plate and incubated with BrdU labeling solution (diluted 1:100 with DMEM) for 24 h 

at 37 °C. After incubation, cells were fixed according to the manufacturer´s recommendation. 

Absorption values of the colorimetric reaction were measured on a photometer (370 nm) after 

incubation with BrdU substrate solution at predefined timepoints (5, 10, 20, 30, 40 min). 

 

3.2.4.2  Apoptosis assay 

Apoptotic activity in SOCS3-depleted cells and controls was assessed by using a fluorometric 

caspase-3/7 assay (Promega, Mannheim, Germany) according to the manufacturer´s protocol. 

5000 U251MG cells/ 100 µl were seeded to a 96-well plate and incubated at 37 °C for 24 h 

before performing the caspase-3/7 assay. Fluorimetric measurements (485 nm extinction/530 

nm emission; fluorescein-filter) were optimized for the U251MG cell line and performed after 

150 minutes of incubation with the caspase substrate at RT.  

 

3.2.4.3  Cell invasion assay 

For investigating the impact of SOCS3 inactivation on the invasive properties of glioblastoma 

cells, a 24-well modified Boyden chamber assay was used (BD Biosciences, San Jose, CA). 

The assay is based on a chamber consisting of two medium-filled compartments that are 

separated by a MatrigelTM-coated fluorescence blocking membrane with 8.0 µm pores (Figure 

12). After serum-starvation for 24 h cells (500 µl of a 70000 cells/ ml suspension) were 

seeded into inserts of the upper compartment (containing DMEM, but lacking 10 % FCS). 

Pores at the insert´s bottom additionally covered with extracellular matrix substances 

(MatrigelTM) allowed the cells to invade into the lower compartment. This compartment 

contains DMEM supplemented with 10 % FCS a chemoattractant (Figure 12b). After 

incubation at 37 °C for 24 h, cells that had not invaded were removed and the membrane was 
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fixed in paraformaldehyde (4 % in PBS) and stained with 4'-6-Diamidino-2-phenylindole 

(DAPI). Membranes were then sliced out from the inserts and fixed on glass slides. The 

number of invaded cells was determined by counting the cells on the bottom of the 

membrane. 

 

 

 
 
Figure 12a and 12b: This figure shows the principle of modified Boyden chamber assay. 
24well; BD Biosciences, San Jose, CA. (modified from URL: http://www.bioscience.org/). 
 

All cell-based functional assays (including proliferation, apoptosis and invasion) were 

performed in at least two completely independent experiments each consisting of at least six 

replicates (see Figure 20).  
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3.3 Protein-biochemical methods 

3.3.1 Western blot analysis 

3.3.1.1  Cell lysis 

U251MG cells were harvested, washed with ice-cold 1x TBS twice, and lysed in 500 µl lysis 

buffer per 10 cm dish (for ingredients see Table 6, “Material”). Special attention was put to 

the cells` washing with 1x TBS and not with 1x PBS, because phosphorylation status of 

different proteins should be retained. Phosphate groups of PBS otherwise would have 

distorted results. Phospho-STOP (Roche, Grenzach-Wyhlen, Germany) and a protease 

inhibitor (Roche, Grenzach-Wyhlen, Germany) were added to the cells to prevent them from 

dephosphorylation and to inhibit the degradation of proteins.  

Cell lysates were shaken on ice for 15 min. Thereafter, the cell lysate was centrifuged at 

14000 rounds per minute at 4 °C for 15 min to remove cell debris. The resulting supernatant 

was subjected to quantification of the total protein concentration using the Bradford method. 

 

3.3.1.2  Protein quantification 

The protein concentration of extracted proteins was determined by using the standard 

Bradford protocol (Bradford MM 1976) and Bradford Protein Assay Reagent® (Bio-Rad, 

Germany). Bovine serum albumin (BSA, 0-2 mg/ml) was used as protein standard. 

 

3.3.1.3  Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE is a method to separate proteins according to their molecular weight and is based 

on the Laemmli protocol (Laemmli 1970).  

Proteins (30 µg) extracted from transfected and control cells were denatured (95 °C, 5 min) 

and separated by discontinuous SDS-PAGE on 10-12 % acrylamide gels. Samples were 

diluted in 4× sample loading buffer (see 4.6: Dilutions, buffers, media). As a molecular 

weight marker, PageRuler™ Prestained Protein Ladder (Fermentas, Germany) was used. Gels 

were run at 120 V for 90 min. 
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3.3.1.4  Western blotting 

Separated proteins were transferred to nitrocellulose membranes (Burnette 1981, Towbin et 

al. 1979) (Whatman, Maidstone, UK) using an electrophoretic Trans Blot Cell Blot module 

(Bio-Rad). After electrophoresis nitrocellulose membranes, blotting pads and filters were 

wetted in 1x transfer-buffer (for ingredients see Table 6), the components were placed into the 

Trans Blot module due to the manufacturer’s instructions. Transfer was performed at a 

constant current of 180 mA for 40 min. Transfer was confirmed afterwards by staining the 

nitrocellulose membranes for 5 min with Ponceau S. The membrane was blocked with 5 % 

non-fat dry milk or 4 % BSA in TBS-T (for ingredients see Table 6) for 90 min at RT.  

After blocking, the membrane was incubated overnight at 4 °C by using the following 

primary antibodies (all antibodies dilutions are listed in Table 5a/b, “Material”): phospho-

STAT3 (phosphorylated on Tyr705), phospho-MAPK (Thr202/Tyr204), phospho-Akt 

(Ser473), phospho-FAK (Tyr397) and α-Tubulin as a loading control. Primary antibody 

binding was detected by anti-mouse or anti-rabbit antibodies (for dilution see Table 5b, 

“Material”) linked to horseradish peroxidase for 2 h at RT. 

To visualize primary antibody binding by chemiluminescence, the membranes were treated 

with Immobilon® Western HRP Substrate containing luminol and peroxide solution 

(Millipore, Billerica, MA) and recorded with the LAS-3000 mini system (Fujifilm Life 

Science, Stanford, CT). Band intensities were analysed using the ImageJ software comparing 

protein expression in SOCS3-depleted cell lines to control cell lines and using α-tubulin as a 

loading control. Results were reproduced in at least two independent experiments (see Figure 

19). On occasion, incubated nitrocellulose membranes were used again after removal of the 

bound antibodies (“stripping”). Membranes were incubated in a “stripping” solution (for 

composition see Table 6) for 30 min at RT. After washing with TBS-T twice, blocking and 

antibody binding could be reiterated. Results were reproduced in at least two independent 

experiments (see Figure 19). 

 

3.3.2 Immunohistochemistry 

Immunohistochemistry was performed on formalin-fixed paraffin-embedded tissue sections (4 

µm; one representative tissue block per patient) of 51 gliomas of different WHO grades. 
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Paraffin blocks were retrieved from the archive of the Department of Neuropathology, 

Heinrich-Heine-University, Düsseldorf, Germany. 

 

3.3.2.1  Analysis of EGFR protein expression using immunohistochemistry 

After deparaffinization and rehydration (20 min), the tumor tissue sections were pre-treated 

with Pronase K (Roche, Germany) for 10 minutes and 0.3 % H2O2/ PBS (pH 7.4) for 10 

minutes to quench endogenous peroxidase activity. After washing the slides in PBS, the 

primary antibody against EGFR (epidermal growth factor receptor; mouse monoclonal 

antibody clone E30; Dako, Hamburg, Germany; 1:25 dilution) was applied on the slides and 

incubated for 30 minutes at RT. After secondary antibody binding immunoreactivity was 

detected with the EnVision™ Detection System (Dako) using 3,3′-diaminobenzidine 

tetrahydrochloride (DAB) as a chromogen due to the manufacturer’s instructions. Finally, the 

slides were counterstained in hematoxylin, cleared and coverslipped. Immunoreactivity was 

quantified as described in 5.3.2.3.  

Negative controls without primary antibodies were performed for all reactions. All reagent 

conditions, temperatures, incubation times and antigen retrieval were identical for each tumor 

to reach comparable results. 

 

3.3.2.2  SOCS3 protein expression using immunohistochemistry 

The tumor slides were pre-treated with 0.3 % H2O2/ PBS (pH 7.4) for 10 minutes and washed 

in PBS twice. Rabbit polyclonal SOCS3-antibody (abcam, UK; 1:100 dilution) was added to 

the slides and incubated overnight at 4 °C. Detection of immunoreactivity and the subsequent 

steps of the immunohistochemistry protocol were performed as described for EGFR (see 

5.3.2.1). 

 

3.3.2.3  Protein expression analysis 

Protein expression levels were semi-quantitatively assessed by a composite numerical score, 

based on the percentage of positively stained tumor cells multiplied by staining intensity, 

potentially ranging from 0 to 12. The percentage of labeled cells was scored as follows: 0 (no 
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or minimal reactivity, similar to non-neoplastic brain tissue), 1 (< 10 %), 2 (10 – 50 %), 3 (50 

– 90 %) and 4 (> 90 %). Staining intensity was graded as 0 (negative), 1 (weak), 2 (moderate) 

or 3 (strong). 

 

3.4 Statistical analyses 

Fisher’s exact test was used to assess frequency differences of SOCS3 promoter 

hypermethylation between the different histological subtypes of gliomas (Figure 14b). In this 

regard we compared primary glioblastomas (pGB, n = 25) to other astrocytic gliomas (A + 

AA + sGB, n = 14), mixed oligoastrocytomas (OA + AOA, n = 11) and pure oligodenroglial 

neoplasms (O + OA, n = 10). P-values were verified for significance by employing 

Benjamini-Hochberg corrections for multiple testing.   

Mann-Whitney U-test analyses were employed to compare SOCS3 mRNA expression (Figure 

14a), EGFR gene copy number (Figure 14c) and EGFR protein expression scores (Figure 

14d) between tumors with and without SOCS3 promoter hypermethylation.  

In the cell-based functional assays two-sided student’s t-test analyses were utilized to 

compare results between transfected and control cells (Figure 5). All statistical analyses were 

computed using the Graph Pad Prism Software (Version 5). The p-value of < 0.05 (*), < 0.01 

(**) and < 0.001 (***) were considered as significant. 
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4 Results 

 

4.1 Promoter methylation status of SOCS3 in human gliomas 

Previous experiments from our lab assessed the methylation status of the SOCS3 promoter in 

a tumor panel consisting of 30 human gliomas and suggested that SOCS3 promotor 

hypermethylation appeared preferentially in low-grade and anaplastic gliomas, while it was 

rare or absent in glioblastomas. This tumor panel contained the following histological glioma 

subtypes and grades as well as non-neoplastic brain tissues samples:  

 
4 non neoplastic brain tissues (NB); 

6 primary glioblastomas, WHO grade IV (GB);  

4 anaplastic astrocytomas, WHO grade III (AA);  

3 diffuse astrocytomas, WHO grade II (A);  

6 anaplastic oligoastrocytomas, WHO grade III (AOA);  

4 oligoastrocytomas, WHO grade II (OA);  

7 anaplastic oligodendrogliomas, WHO grade III (AO);  

and 3 oligodendrogliomas, WHO grade II (O). 

 

To follow up on this observation in this doctoral thesis, the original tumor panel was 

expanded by analyzing SOCS3 gene alterations in an additional set of 16 primary 

glioblastomas and 8 secondary glioblastomas, WHO grade IV (GB), as well as 6 non-

neoplastic brain tissues by using direct sequencing analysis of sodium bisulfite modified 

DNA. Molecular genetic results of all tumors are shown in Figure 13.  



 
 
 4 Results 

 
54 

 

 no methylation         weak methylation         moderate methylation         strong methylation         not analyzed 

 

Figure 13: Synopsis of molecular aberrations of the SOCS3 and the EGFR gene in 
human gliomas. SOCS3 is frequently inactivated by promoter hypermethylation in a panel of 
60 human gliomas. When analyzing the subgroup of primary glioblastomas, which is 
characterized by a high frequency of activating EGF receptor aberrations, SOCS3 methylation 
is absent in nearly all samples. Only one primary glioblastoma (case no. pGB 115) showed 
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Figure 13: Synopsis of molecular aberrations of the SOCS3 and the EGFR gene in 
human gliomas (continued). promoter hypermethylation of the SOCS3 gene. Furthermore, 
EGFR amplification (Ampl., gene copy number >5, here coloured in grey) is merely observed 
in tumors that lack SOCS3 promoter hypermethylation. The SOCS3 promoter methylation 
pattern has been assessed by direct bisulfite sequencing and shows each individual CpG site 
within the analyzed region spanning the transcription start site of SOCS3. (% Score, % SOCS3 
promoter methylation score). Additional information: EGFR protein expression level (EGFR 
Prot) as assessed by IHC; SOCS3 mRNA expression level using real-time-(RT)-PCR. 
 

4.1.1 Promoter hypermethylation and transcriptional downregulation of SOCS3 in 

human gliomas 

 

The SOCS3 expression levels in the tumor panel were determined by real-time-(RT)-PCR. 

There was a significant inverse correlation between SOCS3 promoter hypermethylation and 

SOCS3 transcript levels (Mann-Whitney U-test, p=0.001). When comparing SOCS3 mRNA 

expression levels according to the degree of promoter-methylation in the respective tumors, 

tumors with SOCS3 hypermethylation (median: 0.3; interquartile range, IQR: 0.5) showed 

significantly lower SOCS3 mRNA expression levels than those without promoter 

hypermethylation. This finding argues for a potential causal effect of SOCS3 promoter 

hypermethylation concerning the decreased mRNA expression levels (Figure 14a).  

 

4.1.2 SOCS3 promotor hypermethylation is absent in primary glioblastomas 

Next, the SOCS3 methylation status was compared between the different glioma entities. 

When comparing the different glioma subtypes, SOCS3 promoter hypermethylation -with a 

single exception (pGB115) - was absent in primary glioblastomas (1 out of 25 cases, 4 %). 

Furthermore, SOCS3 promoter hypermethylation was significantly less frequent in primary 

glioblastomas compared to all other histological glioma subtypes, i.e. diffusely infiltrating 

astrocytic (A+AA+sGB: 4 out 14, 29 %; Fisher’s exact test, p=0.047), mixed oligoastrocytic 

(OA+AOA: 6 out of 11, 55 %; p=0.001) and oligodendroglial (O+AO: 6 out of 10, 60 %; 

p=0.0008) neoplasms (Figure 14b). 
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4.2 SOCS3 promoter hypermethylation is inversely correlated to EGFR gene dosage 

and EGFR protein expression 

 
Primary glioblastomas usually comprise a high fraction of activating EGFR aberrations 

(Riemenschneider et al. 2010). When following up on the observation of a significantly less 

frequent SOCS3 promoter hypermethylation in primary glioblastomas, the EGFR gene dosage 

was assessed by utilizing real-time PCR analysis. In addition, the EGFR protein expression 

levels were determined by using immunohistochemistry. These results were then correlated to 

the SOCS3 promotor methylation status. A total of 15 tumors (2 secondary glioblastomas, 11 

primary glioblastomas and 2 anaplastic oligoastrocytomas) showed a more than 5-fold 

increase of the EGFR gene dosage, consistent with EGFR amplification. None, of these 

tumors had a concomitant SOCS3 promotor hypermethylation.  

Statistical analysis corroborated this observation by revealing significantly lower EGFR gene 

copy numbers in tumors containing a methylated SOCS3 promoter (median: 0.9; IQR: 0.4) 

than in tumors lacking this epigenetic aberration (median: 1.7; IQR: 19.0; Mann-Whitney U-

test, p=0.0006; Figure 14c).  

 

For assessing the EGFR protein status expression, EGFR protein levels between tumor 

samples with and without SOCS3 promotor hypermethylation were determined 

semiquantitatively by means of immunohistochemistry.  

When comparing the median EGFR protein score, it was significantly lower in tumors that 

exhibited SOCS3 promoter hypermethylation (median: 1.5; IQR: 3.0) compared to tumors 

without (median: 8.5; IQR: 6.0) a methylated SOCS3 promoter (Mann-Whitney U-test, 

p=0.0004; Figure 14d and 15). The single primary glioblastoma (pGB115) that exhibited 

SOCS3 promoter hypermethylation did neither show a relevant increase in EGFR gene dosage 

(fold change: 1.2) nor expression of EGFR protein (Score: 0).  

The SOCS3 staining – even after intense optimization efforts – did not reveal specific result 

and was thus not further evaluated. 
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Figure 14: Statistical analysis of SOCS3 promoter hypermethylation in human gliomas. 
(a) SOCS3 promoter hypermethylation is significantly less frequent in pGB than in all other 
examined histological glioma subtypes astrocytic tumors, mixed oligoastrocytomas and 
oligodendrogliomas; (b) Tumor samples that show SOCS3 promoter hypermethylation have 
significantly lower SOCS3 transcript levels than tumors without SOCS3 promoter 
hypermethylation. SOCS3 promoter hypermethylation is significantly inversely correlated to 
EGFR aberrations. Both, the relative gene copy number of EGFR (c) as well as the protein 
expression score of EGFR (as assessed by IHC) (d) is significantly lower in tumors with 
SOCS3 promoter hypermethylation than in patients lacking this molecular alteration. 
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Figure 15: EGFR protein levels in two glioblastomas with different SOCS3 methylation 
score and EGFR gene copy numbers. 
(A) pGB130 showing a low SOCS3 methylation score (5, 3.9 %), but high-level EGFR 
amplification (90.2x) and strong EGFR protein expression (score: 12). Nearly all tumor cells 
are intensively stained after using the anti-EGFR antibody (dilution 1:25; Dako, Hamburg); 
original microscopic magnification 400x. (B) A72 presenting a high SOCS3 promoter 
methylation score (82, 63.6 %), but no EGFR amplification (0.4x) and low EGFR protein 
level (score: 3). Only a few tumor cells exhibit specific EGFR staining (anti-mouse EGFR 
antibody, dilution 1:25); original microscopic magnification 400x. Sections are counterstained 
with hemalum. 
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4.3 Mutational analysis of SOCS3 

To exclude other potential alternative SOCS3 inactivation mechanisms, such as mutations, an 

additional mutational analysis of the entire coding sequence (exon 2) of SOCS3 was 

performed. This was done by utilizing SSCP/heteroduplex analysis (example pictured in 

Figure 16). PCR products from all 60 glioma samples were electrophoretically separated by 

using two different conditions (see Table 11, “Methods”). One single PCR sample product 

was sequenced because of aberrant band pattern within the SSCP analysis, but did not show 

any mutation. Analyzing the band patterns did not result in the detection of tumor-associated 

(somatic) mutations in any of the 60 glioma patients.  

 

 
 
Figure 16: SSCP/heteroduplex analysis was performed to screen for mutations within the 
entire coding sequence (exon 2) of SOCS3.  This SSCP gel (1 non-neoplastic brain tissue, 6 
different gliomas) serves as an example for the band pattern results of 60 different gliomas 
and 4 non-neoplastic brain tissues. No tumor-associated (somatic) mutations were found in 
any of the 60 glioma samples. The depicted DNA samples were electrophoretically separated 
using the following conditions: SOCS3 fragment 1, 10 % PAA/BAA, RT, 1:29. 
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4.4 Knock-down efficiency of SOCS3 siRNAs 

To analyze the functional characteristics of SOCS3 depleted glioblastoma cells in-vitro, two 

different siRNAs Hs_SOCS3_6 and custom siRNA_SOCS3 (50 nM concentration; siRNA 

sequences are listed in Table 9, “Materials”) were used to inhibit SOCS3 transcription in 

A172, U251MG, TP365MG, U118MG, T98G and U87MG cell lines. In addition, All Stars 

Negative Control siRNA (Qiagen, Germany) was utilized to normalize for side-effects not 

being caused by specific siRNA inhibition.  

All glioma cell lines were efficiently transfectable with nearly 95-100% of cells showing an 

uptake of fluorescently-labeled oligonucleotides (rhodamine dye). Knock-down efficiency 

(Figure 17) was determined using real-time (RT)-PCR and primers as described above. 

 

Transient transfection of SOCS3 in glioblastoma cell lines 

 
 
Figure 17: Transient transfection of SOCS3 in glioblastoma cell lines. Note that compared 
to negative control cells (negative ctrl) all tested siRNAs (50 nM) caused markedly reduced 
SOCS3 mRNA expression levels. Results were reproduced in at least three independent 
experiments (results are presented in means with standard deviation). 
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While transient transfection of siRNAs resulted in strong reduction of SOCS3 mRNA levels, 

no decreased SOCS3 protein level could be detected. Using western blots with two different 

commercially available SOCS3 antibodies (Santa Cruz, #sc-73045 and Cell signaling, #2923), 

no reliable reduction of SOCS3 protein expression was observable. To exclude that this 

observation might be due to a prolonged half-life of the SOCS3 protein, stable-transfected 

U251MG, U87MG and A172 glioblastoma cell lines were generated. Again, no reliable 

reduction in SOCS3 protein levels could be observed. The absence of reduced protein 

expression on western blotting was thus assumed to be most likely due to cross reactivity or 

insufficient quality of the employed SOCS3 antibodies. 



 
 
 4 Results 

 
62 

4.5 Stable shRNA-mediated knock-down of SOCS3 in U251MG glioblastoma cells 

As outlined above, for further assessing the functional effects of SOCS3 inactivation, vector-

based shRNA-mediated RNAi was used to generate U251MG, U87MG and A172 

glioblastoma cells with a stable SOCS3 knock-down. SOCS3 mRNA expression was 

determined after this knockdown. Two different hairpins (sh1 and sh2) were used to avoid 

off-target effects of the respective shRNAs and two different subclones of each hairpin 

(sh1/2-1 and sh1/2-2) were utilized to exclude insertion-site specific side effects. Transfection 

with these two hairpins resulted in a relevant SOCS3 knock-down in comparison to the 

negative scrambled (scr) control. A subtotal reduction of SOCS3 expression in U251MG 

glioblastoma cells transfected with hairpin 1 (86-99 %) and a somewhat lesser but relevant 

reduction of SOCS3 expression in cells transfected with hairpin 2 (62-65 %) was 

accomplished (Figure 18).  

SOCS3 mRNA expression reductions in U87MG and A172 glioma cells were much lower 

(hairpin 1: 55-62 %; for hairpin 2: <50 %). Therefore, these clones were not carried on for the 

following functional analysis. 

 

 
 
Figure 18: Generation of U251 glioblastoma cells with a stable shRNA-mediated SOCS3 
knock-down. Two different hairpins (sh1 and sh2) were utilized to exclude off-target effects 
of the respective shRNAs. For avoiding insertion-site specific side-effects we investigated 
two different subclones of each hairpin (second digit within the respective denotation). Note 
that in comparison to the scrambled negative control shRNA (scr) all four selected subclones 
demonstrate notably reduced SOCS3 mRNA expression levels relative to the ARF1 reference 
gene. 
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4.6 Investigation of the activation status of downstream targets within the EGFR 

signalling pathway after SOCS3 inactivation 

 
Protein expression levels of glioblastoma cells were determined after SOCS3 knock-down in 

order to identify the activation, i.e. phosphorylation levels of EGFR-related downstream 

signaling pathway targets. Phosphorylation-specific antibodies were applied in western blot 

analyses against the following targets: MAPK (phosphorylated on Thr202/Tyr204), FAK 

(phosphorylated on Tyr397), STAT3 (phosphorylated on Tyr705), AKT (phosphorylated on 

Ser473).  

When comparing SOCS3 depleted glioblastoma cells to the negative scrambled control cells, 

an activation of targets within the EGFR signalling pathway was observed. SOCS3 depletion 

resulted in a strong and unequivocal increase in the phosphorylation levels of STAT3 and 

FAK in all investigated tumor cell subclones (relative to the respective negative control cells; 

Figure 19). The protein phosphorylation level of MAPK in dependence on SOCS3 reduction 

was less consistent. An increased protein expression of p-MAPK was only detected in hairpin 

1 and no increase, but a reduction of p-MAPK levels was detected in U251 glioblastoma cells 

transfected with hairpin 2. Protein phosphorylation levels of AKT did not show any relevant 

changes when comparing SOCS3 knock-down cells and control cells in their p-AKT 

expression pattern, which were fairly similar to that of the loading control α-Tubulin (Figure 

19). 
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Figure 19: Western blot analysis for the activation of EGF receptor downstream 
signaling pathway members in U251MG SOCS3 depleted cells. Protein phosphorylation 
levels for both STAT3 and FAK are uniformly increased (+) in all four SOCS3 knock-down 
subclones in comparison to U251MG scrambled negative control cells (scr). The impact of 
SOCS3 knock-down on the activation levels of MAPK is equivocal showing an increase in 
protein phosphorylation (i.e. activation) only in hairpin 1 but not in hairpin 2 (clones sh1-1 
and sh1-2). p-AKT protein expression levels appear completely unaffected by the inhibition 
of SOCS3 expression in U251MG glioblastoma cells. α-Tubulin was used as a control to 
avoid unequal protein loading. Results were reproduced in at least three independent 
experiments. 
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4.7 Functional effects of SOCS3 knock-down in human glioblastoma cells 

To investigate the functional consequences of SOCS3 knock-down in U251MG glioblastoma, 

cells cell-based assays for tumor cell proliferation, apoptosis and invasion were performed. 

 

Tumor cell proliferation as investigated by BrdU incorporation assay (Roche, Germany) 

exhibited a heterogeneous either minor increase or reduction in individual SOCS3 knock-down 

subclones in comparison to the scrambled control cells but none of these changes emerged as 

statistically significant (Figure 20B). 

By using the caspase-3/7 assay (Promega, Germany), a moderate inhibition of apoptotic 

activity in the majority (3 out of 4) of the investigated SOCS3 knock-down subclones was 

measurable. For two of the analyzed subclones (sh1-2 and sh2-2), statistically significant 

results were observed (students’s t-test; sh1-2, p=0.0476; sh2-2, p=0.0001, Figure 20A). 

Measuring the invasive characteristics of SOCS3-depleted U251MG glioblastoma cells in 

comparison to scrambled control cells revealed a predominant functional effect of SOCS3 

reduction on tumor cell invasion. Invasiveness was measured using a modified MatrigelTM-

coated Boyden chamber assay (BD Biosciences, San Jose, CA). All four investigated SOCS3-

depleted tumor cell subclones showed an unequivocal increase in their invasive properties 

relative to the respective scrambled control cells. The highest increase (up to nearly 5-fold) 

was documented in subclone sh2-2. Using student’s t-test analyses this increase proved highly 

significant in 3 out of the 4 analyzed SOCS3 knock-down subclones (sh1-1, p=0.005; sh2-1, 

p= 0.004; sh2-2, p=0.002; Figure 20C). 

In conclusion, cell-based functional assays revealed the most obvious and strongest positive 

effect of SOCS3 depletion on tumor cell invasion and a moderate negative impact on 

apoptosis, while tumor cell proliferation appeared unaffected. 
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Figure 20: In-vitro effects of SOCS3 knock-down in U251MG glioblastoma cells 
(A) To compare apoptotic activity a fluorometric caspase-3/-7 assay was used (Promega, 
Mannheim, Germany). (B) Proliferation was quantified using BrdU incorporation assay 
(Roche, Mannheim, Germany). (C) Cell invasion was assessed using modified Boyden-
chamber transwell-assay with MatrigelTM coated membranes (24well; BD Biosciences, San 
Jose, CA). [The results of the in-vitro assays are shown in relative units setting the average 
result in the scrambled control cells to 1.0 (100%). Standard deviations are illustrated as error 
bars; asterisks indicate significant differences (p-value <0.05 (*), p-value <0.01 (**), p-value 
<0.001 (***). scr: scrambled negative cell control, sh1-1 – sh2-2: different SOCS3 knock-
down sublones]. 
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5 Discussion 

 

SOCS3 acts as a negative regulator of the JAK/STAT signal transduction pathway and has 

been reported as a tumor suppressor in various human cancers. Up to date, the relevance of 

the SOCS3 in diffusely infiltrating human gliomas was largely unknown. These tumors 

consist of a number of different subentities that are characterized by individual patterns of 

molecular aberrations (Louis et al. 2007).  

Primary glioblastomas contain a high frequency of activating EGFR aberrations, while 

secondary glioblastomas and lower grade precursor lesions in their majority lack EGFR 

aberrations. They are instead characterized by frequent mutations in the IDH1 and TP53 

genes as well as other molecular alterations (Ohgaki and Kleihues 2007, Balss et al. 2008).  

In a preceding publication, Martini et al. (2008) reported on the negative prognostic effect of 

SOCS3 promotor hypermethylation in glioblastoma patients. However, this study was 

restricted to primary glioblastomas and did not compare the SOCS3 methylation status with 

the individual patients´ EGFR gene status. 

 

SOCS3 promotor hypermethylation in this doctoral thesis was identified as a novel player in 

the pathogenesis of gliomas that may substitutes for the absence of EGFR amplification in 

secondary glioblastomas, anaplastic and low-grade astrocytomas by activating identical 

downstream signaling pathways. 
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5.1 SOCS3 inactivation by promoter hypermethylation in glioblastomas – an 

alternative mechanism to EGFR amplification and overexpression? 

 

In this doctoral thesis, a panel of 60 human gliomas of different histological subtypes and 

WHO grades were investigated for SOCS3 epigenetic alterations. With only a single 

exception (pGB115), SOCS3 inactivation by promoter hypermethylation was absent in 

primary glioblastomas (4 %), i.e. in those types of tumors containing the highest rate of EGFR 

aberrations. Assessing the correlation between EGF receptor aberrations and SOCS3 promoter 

hypermethylation in the tumor panel, it became clear that tumors with SOCS3 promoter 

hypermethylation exhibited both - significantly lower relative EGFR gene copy numbers as 

well as significantly lower EGFR protein expression scores than tumors without this 

epigenetic aberration. This observation suggested that SOCS3 inactivation by promoter 

hypermethylation might be an alternative molecular mechanism to EGFR amplification and 

overexpression in gliomas. Interestingly, two other recent publications provide further hints to 

this hypothesis, suggesting that there is an inverse relation between SOCS3 protein function 

and EGFR signaling. These publications reported on an influence of SOCS3 on the 

phosphorylation status of STAT3 (as also being a potential target in response to EGF) in 

human hepatocytes and in human embryonic kidney 293 cells (Seki et al. 2008, Xia et al. 

2002), thus underlining that SOCS3 differentially regulates EGF receptor signaling. 

This hypothesis is also in line with the fact that the single primary glioblastoma pGB115 in 

our panel that presented a hypermethylated SOCS3 promotor neither showed increased EGFR 

gene copy numbers nor elevated EGFR protein expression. Reevaluation of this particular 

tumor’s histology revealed that the tumor exhibited the classical morphological characteristics 

of glioblastoma and moleculary showed a wild-type genotype for IDH1 and IDH2 as typical 

for the majority of primary glioblastomas. As a consequence, these results do therefore not 

exclude that primary glioblastomas may bear a hypermethylated SOCS3 promotor.  
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5.2 Low frequency of SOCS3 hypermethylation in primary glioblastomas 

Nevertheless, the low frequency of SOCS3 promotor hypermethylation (4 %) in primary 

glioblastomas is different to the one described by Martini and colleagues in 2010, who 

reported on a hypermethylated SOCS3 promoter in up to 35% of the primary glioblastomas. 

In the own tumor panel of 25 primary glioblastomas, there was an equal fraction of tumors 

with (13 cases) and without (12 cases) EGFR amplifications. The higher frequency of SOCS3 

promotor hypermethylation reported by Martini might be due to an overrepresentation of 

EGFR wild-type tumors in their used tumor panel. Maybe, these tumors are more susceptive 

to SOCS3 promoter hypermethylation.  

Closer to the own results showing low SOCS3 methylation frequencies in primary 

glioblastomas, another study published by Zhou and colleagues (2007) did neither show 

SOCS3 promoter hypermethylation nor a reduction in SOCS3 expression levels in 10 

glioblastoma cell lines and 12 primary glioblastoma samples (Zhou et al. 2007). 

 

5.3 SOCS3 knock-down leads to STAT3 and FAK activation 

An activation of potential downstream signaling targets was assessed in-vitro by means of 

phosphorylation-specific antibodies and western blots in dependence on SOCS3 inactivation. 

For this, siRNA-mediated gene silencing was performed in a variety of established 

glioblastoma cell lines. In addition, stable transfections were performed with relevant knock-

down efficiency in U251MG on the mRNA level (see Figure 18, Results). The fact that the 

own Western blot experiments did not present a reliable decrease of SOCS3 protein 

expression after transient or stable transfection might be well due to the fact that the used 

antibodies likely bind to other members of the SOCS protein family, which share high 

sequence homologies with SOCS3. 

 

The investigation of the downstream signaling effects of SOCS3-depleted U251MG 

glioblastoma cells within the EGF receptor signaling pathway detected an intense and 

unequivocal increase in the phosphorylation levels of STAT3 and FAK in all analyzed 

SOCS3 knock-down clones in contrast to U251MG control cells. This positive effect of 

SOCS3 depletion on STAT3 activation is in line with the functional role of SOCS3 acting as a 
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negative regulator of JAK/STAT signaling (Cooney et al. 2002; Krebs and Hilton 2000). In 

addition, the observation of an increased FAK activation level after SOCS3 knock-down had 

been previously reported in human hepatocellular carcinoma cells and progenitor B 

lymphocytes (Le et al. 2007; Niwa et al. 2005). How exactly SOCS3 depletion increases FAK 

Y397 phosphorylation needs further investigation. Two studies report on two different 

phosphorylation possibilities. The first one by Niwa et al. (2005) reports that in human 

hepatocellular carcinoma there is a direct physical interaction of SOCS3 with phosphorylated 

FAK and this interaction then mediates polyubiquitination of FAK, resulting in proteasome-

dependent degradation of FAK. The second paper by Le et al. (2007), points out that SOCS3 

regulates CXCL12-induced FAK phosphorylation through the ubiquitin-proteasome pathway 

during B lymphopoiesis. STAT3 and FAK can also be phosphorylated by activated growth 

factor receptors, such as the epidermal growth factor receptor (EGFR). For the sake of 

completeness, it should be mentioned that AKT (proteinkinase B) and MAPK (mitogen-

activated protein kinase, ERK1/2) can also be phosphorylated by EGFR signaling.  

These findings add further proof to the hypothesis that SOCS3 inactivation may function as 

an alternative mechanism for the activation of identical intracellular signaling pathways in 

those types of glioblastomas that do not bear activated EGF receptors. 

 

By activation, i.e. phosphorylation, of STAT3, SOCS3-depleted cancer cells may affect 

diverse cellular functions, e.g. proliferation, apoptosis or migration and invasion (Imada and 

Leonard 2000; Yu et al. 2009).  

The activation of FAK has been implemented to preferentially influence tumor cell growth, 

cytoskeletal and microtubule organization, and is thus functionally closely related to the 

invasive capacaties of different human cancers, including glioblastomas (Riemenschneider et 

al. 2005). 

As two further downstream EGFR signaling intermediates, p44/p42 MAPK (mitogen-

activated protein kinase, ERK1/2) and AKT (proteinkinase B), had been reported to be 

regulated by SOCS3 (Puhr et al. 2010, Senn et al. 2003, Yu et al. 2009), this study 

investigated the activation levels of these two proteins in dependence on SOCS3 in 

glioblastoma cells. In this project, investigation in U251MG globlastoma cells with a stable 

SOCS3 knock-down showed an unequivocal result for p42/p44 MAPK protein status, i.e. a 
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moderate increase in MAPK activation levels after transfection with only one of the two 

transfected hairpins directed against SOCS3 (sh1). This missing effect on MAPK activation 

for the second hairpin may be explained by the lesser SOCS3 knock-down efficiency of 

hairpin 2 (sh2) but may also argue for a less consistent impact of SOCS3 protein on the 

p44/p42 MAPK activation levels in glioblastoma cells. The phosphorylation status of AKT 

remained unaffected with no increase of AKT phosphorylation levels after SOCS3 knock-

down. Taken together, these results do not support a close interrelationship between SOCS3 

and AKT in human glioblastomas. 

 

5.4 SOCS3 knock-down preferentially promotes tumor cell invasion 

Following the observations obtained by Western blotting with phosphorylation-specific 

antibodies, the functional consequences resulting from SOCS3 inactivation in human 

glioblastoma cells were investigated. Thereby, a predominant effect on tumor cell invasion 

with uniformly and significantly increased invasiveness in SOCS3-depleted glioblastoma cells 

was observed. These findings are in line with results reporting on an increased migration and 

invasive potential after SOCS3 knock-down in other human tumors (Niwa et al. 2005; Puhr et 

al. 2009, Yang et al. 2008). In addition, the above described activation of STAT and FAK 

after SOCS3 knock-down is also consistent with a predominant functional SOCS3 effect on 

tumor cell invasion. 

Furthermore, an only moderate reduction of apoptotic cell properties was observed that, 

however, was statistically significant in two out of the four investigated SOCS3 knock-down 

clones. The only moderate and uneven effect of SOCS3 reduction on apoptosis may be due to 

the circumstance that only the basal apoptosis rate was measured without any stimulation by 

apoptosis-inducing compounds. However, the detection of a significant deregulation in two 

subclones, each from different hairpins, argues against an off-target and for a true anti-apoptic 

effect of impaired SOCS3 in glioma cells.  

No consistent effects on tumor cell proliferation were observed after SOCS3 inactivation, 

arguing for negligible effect of SOCS3 on tumor cell proliferation in glioblastoma cells. 

Recapitulating the fact that more frequent SOCS3 promoter hypermethylation and 

transcriptional downregulation was found in lower-grade astrocytic and oligodendroglial 

tumors than in glioblastomas and that these tumors share the diffuse infiltrative pattern but not 
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the high proliferative activity with glioblastomas, it is thus tempting to speculate that SOCS3 

inactivation in these gliomas may mainly substitute for the stimulating effect on tumor cell 

invasion but not on proliferation. 

 

5.5 Conclusions 

This study molecularly dissects the inactivation mechanisms of SOCS3 in different 

histological subtypes of human gliomas and functionally investigates the interrelationships of 

SOCS3 with EGF receptor signaling in glioblastomas. 

 

Collectively, the own data demonstrate that SOCS3 inactivation by promoter 

hypermethylation is significantly less frequent in primary glioblastomas than in the other 

investigated diffuse glioma entities and inversely related to EGFR amplification and 

overexpression (Figure 21). Functionally, SOCS3 silencing preferentially promotes 

glioblastoma cell invasion through STAT3 and FAK activation (Figure 21). 

 

Potential follow-up experiments could be performed by transplantation of stably transfected 

SOCS3 knock-down and control cells in immunocompromized mice. Such experiments might 

bear the potential of establishing SOCS3 as a potential molecular target of therapy in gliomas. 
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Figure 21: Model of SOCS3 function in gliomas. SOCS3 inactivation by promotor 
hypermethylation (red-highlighted “M”) substitutes for the stimulating effect of EGFR on 
invasion in secondary glioblastomas, lower grade astrocytomas and oligodendroglial tumors 
by STAT3 and FAK activation. 
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6 Abstract 

 

The suppressor of cytokine signaling 3 (SOCS3) is one of eight structurally related genes of 

the SOCS gene family and has been suggested to function as a tumor suppressor by inhibition 

of the JAK/STAT signaling pathway. In the present doctoral thesis, 60 human gliomas of 

different histological types were investigated for SOCS3 alterations and found to carry 

frequent SOCS3 promoter hypermethylation and transcriptional downregulation. However, 

SOCS3 promoter hypermethylation was virtually absent in primary glioblastomas, which are 

characterized by frequent epidermal growth factor receptor (EGFR) amplification and 

overexpression. Assessment of the relationship between SOCS3 and EGFR aberrations 

revealed that SOCS3 promoter hypermethylation was inversely related to both the EGFR gene 

dosage as well as the EGFR protein expression, thus suggesting SOCS3 inactivation as a 

mechanism substituting for EGFR activation in a subset of gliomas. In support of this 

hypothesis, stable shRNA-mediated SOCS3 knock-down in U251 glioblastoma cells resulted 

in an activation of EGFR-related signaling pathways, i.e. an increase in the activation levels 

of STAT3, FAK and to a lesser extend MAPK, while the AKT phosphorylation levels 

remained unaffected. Functionally, SOCS3-depletion caused strongly increased tumor cell 

invasion with a moderate anti-apoptotic effect and no obvious impact on tumor cell 

proliferation. In summary, the findings summarized in this thesis suggest that SOCS3 

inactivation by promoter hypermethylation is mutually exlusive to EGFR activation in 

gliomas and preferentially promotes glioma cell invasion through STAT3 and FAK 

activation. 
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A      diffuse astrocytoma, WHO grade II 

AA      anaplastic astrocytoma, WHO grade III 

AO      anaplastic oligodendroglioma, WHO grade III 

AOA      anaplastic oligoastrocytoma, WHO grade III 

APS      ammoniumpersulfat 

bp      base pairs 

BrdU       Bromodeoxyuridine 

BSA       bovine serum albumin 

°C      degree Celsius 

cDNA       copy deoxyribonucleic acid 

CpG      Cytosin-phosphatidyl-Guanin 

DAPI       4’,6-Diamidino-2-Phenylindole 

DMEM      Dulbecco’s modification Eagle’s medium 

DMSO      dimethylsulfoxid 

DNA       deoxyribonucleic acid 

dNTP      desoxyribonucleoside-5.-triphosphat 

ds-       (prefix) double-stranded  

DTT      dithiothreitol 

EDTA      ethylendiamintetraacetat 

EGFR      Epidermal-Growth-Factor-Receptor 

FCS      fetal calf serum 

for      forward 

GB      glioblastoma, WHO grade IV 

GFP      green fluorescent protein 

h      hour 

JAK      Janus Kinase 

kDa       kilodaltons 

MRI       magnetic resonance imaging 

mA       milli-ampere 
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min       minute 

ml       milliliter 

mRNA      messenger ribonucleic acid 

NB       on-neoplastic brain tissue 

µl      microliter 

OA       diffuse oligoastrocytoma, WHO grade II 

pGB      primary glioblastoma, WHO grade IV 

PAGE       polyacrylamide gel electrophoresis 

PBS       phosphate-buffered saline 

PCR       polymerase chain reaction 

rev      reverse 

RNA       ribonucleic acid 

RNAi       RNA interference 

RNase       ribonuclease 

rpm      rounds per minute 

RT      room temperature 

RT-PCR      reverse transcription polymerase chain reaction 

SD      standard deviation 

SDS       sodium dodecyl sulfate 

sec      second 

sGB       secondary glioblastoma, WHO grade IV 

shRNA     small hairpin RNA 

siRNA      small interfering RNA 

SOCS      Suppressor of cytokine signaling 

SSCP      Single strand conformation polymorphism 

STAT      Signal Transducer and Activator of Transcription 

Taq       Thermus aquaticus 

TBE       Tris-borate-EDTA 

TBS-T      Tris-buffered saline with Tween 20 

TE       Tris-EDTA 

TEMED     N-N-N-N-Tetraethylmethyldiamine 
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Tris  Tris(hydroxymethyl)aminomethane 

U unit 

V voltage 

W watt 

WHO       World Health Organization 

 

All genes, proteins and transcripts that are used here are abbreviated according to the National 

Center for Biotechnology Information (NCBI) GenBank short forms of the gene names (free 

online access is available via http://www.ncbi.nlm.nih.gov/).
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